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Foreword

Technical Paper (TP) 14 provides Department of Defense Explosives Safety Board (DDESB)
approved methodologies for calculating the risk associated with explosives operations and
storage. The three elements of the methodology are the probability of event, probability of
fatality given an event, and exposed personnel. This document will be kept current and will be
updated as new methodologies are developed. The latest version of the document can be found
on the DDESB Web-Page:

http://www.ddesb.pentagon.mil

The information in this document was based on the work of the DDESB-chartered Risk-Based
Explosives Safety Criteria Team (RBESCT).

This TP has been reviewed by the DDESB Staff.

CURTIS M. BOWLING
Acting Chairman
DDESB



Disclaimer

The principles and techniques presented in this document are in the opinion of the DoD
Explosives Safety Board (DDESB), the best available at the time of publication. Adherence to
these principles should provide an acceptable level of safety during ammunition and explosives
operations; however, use of this approach cannot ensure or guarantee a risk-free operation or
address every situation that could be encountered. Because of the inherent danger in handling
ammunition and explosives, neither the DDESB nor the contractors involved in the software
development can be held responsible for any mishap or accident resulting from the use of this
document.

Trial use of SAFER Version 3.0 is approved by the Department of Defense (DoD) Services until
permanent policy is incorporated in DoD 6055.9-STD. The SAFER model is based on accident
experiences, explosion effects, and structural response, and is for DoD application only.
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Variable Names and Symbols

Variable Symbol

Variable Name/Explanation

% ES Hrs explosives

The percentage of hours that the group spends at the ES that
explosives are also present at the PES

% ESroof damaged

Percentage of ES roof damaged

% ESroof intact

Percentage of ES roof intact

% ESwall damaged

Percentage of ES walls damaged

% ESWaII intact

Percentage of ES wall intact

% mass Provided in Table A-20 - Table A-23
% material Provided in Table A-20 - Table A-23
11
a (Y100 = Yo)°
Coefficient provided in Table A-2 - Table A-5, Table A-10, Table A-13,
A Table A-15 and Table A-17

Constant provided in Table 9
Crater mass coefficient

Adj. Pmaji(oc)

Adjusted probability of major injury due to building collapse

Adj. Pminic)

Adjusted probability of minor injury due to building collapse

AHrs at ESgroyp The number of hours per year that the group is at the ES

AIAR Adjusted Invulnerable Area for the ES Roof

AIAW Adjusted Invulnerable Area for the ES Wall

aw Constant provided in Table A-28, used to calculate initial velocity of
secondary fragments

b A constant given by Table A-6 through Table A-9
Coefficient provided in Table A-2 - Table A-5, Table A-10, Table A-13,

B Table A-15 an_d Table A-17
Constant provided in Table 9
Crater mass exponent

B3 Angle from height h to the base of the ES

C Constant given by Table A-5

C Coefficient provided in Table A-2 - Table A-5, Table A-10, Table A-13,
Table A-15 and Table A-17

C Constants given by Table A-2

C, Constants given by Table A-2

CA Concern area, provided in Table A-27 - Table A-29

CCa Actual Continuity Correction

CCrax Maximum Continuity Correction

COoV(.) Covariance

cp Constant provided in Table 17, used to calculate maximum throw values

for secondary fragments

Crater ejecta mass

Mass of the crater ejecta thrown

d

Distance between PES and ES
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Variable Symbol

Variable Name/Explanation

di

Distance between ES and ES barricade

d2 Distance between the PES and the ES barricade
D Coefficient provided in Table A-2 - Table A-5
DR Damage Region
At The fraction of the time that explosives are present when exposures are
also present
E Coefficient provided in Table A-2 - Table A-5
E1 Constant provided in Table 17, used to calculate maximum throw values
for secondary fragments
= Constant provided in Table 17, used to calculate maximum throw values
for secondary fragments
Es Expected fatalities
E Expected value of the group expected fatality distribution for a PES-ES
f(pair)Group pair
EfEs)croup Expected value of the group expected fatality distribution for an ES
E Expected value of the group expected fatality distribution resulting from
f(PES)Group a unique PES
Expected value of the group expected fatality distribution resulting from
Ef(PES Siting)Group P g P =xp y g

all ESs within the Risk-based evaluation distanceof any PES

Ef(instaII)Group

Expected value of the group expected fatality distribution for the entire
situation (all PES-ES pairs in the situation)

The four fatality mechanisms computed by the SAFER science

Effects algorithms

E. Denote the individual probability of fatality (pair) the distinct PES sites
! pose to the ES of interest.

E. Denote the individual probability of fatality (pair) the distinct PES sites
|

pose to the ES of interest.

EMaj (pair) Group

Point estimate for major injuries at a single ES caused by a single PES

EMaj (ES) Group

Point estimate for major injuries for a unique ES caused by all PESs

Emaj (PES) Group

Point estimate for major injuries resulting from a unique PES to all ESs
(within the Risk-based evaluation distanceof the unique PES)

EMaj (PES Siting) Group

Point estimate for major injuries at all ESs within the Risk-based
evaluation distance of any PES (resulting from all PESS)

EMaj (install) Group

Point estimate for major injuries over the entire situation (all PES-ES
pairs in situation)

EMin (pair) Group

Point estimate for minor injuries at a single ES caused by a single PES

EMin (ES) Group

Point estimate for minor injuries for a unique ES caused by all PESs

EMin (PES)Group

Point estimate for minor injuries resulting from a unique PES to all ESs
(within the Risk-based evaluation distance of the unique PES)

EMin (PES Siting)Group

Point estimate for minor injuries at all ESs within the Risk-based
evaluation distance of any PES (resulting from all PESS)

EMin (install)Group

Point estimate for minor injuries over the entire situation (all PES-ES
pairs in situation)
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Variable Symbol

Variable Name/Explanation

The exposure of personnel to an explosive event based on the number

E of people present in a facility during the year and the number of hours
the exposed site is occupied

Eo The distribution used to estimate the daily number of exposures

E Median of the lognormal distribution, E,, representing the median
00 number of daily exposures.

Eoo Group Used for computing group risk at an ES from a specific PES

E o Used for computing individual risk at an ES
0o Individual 1.0 (by definition)

Ep Annual exposure of one person to a particular PES

ESheight Constant provided in Table A-11

exp: Constant provided in Table A-28, used to calculate initial velocity of

v

secondary fragments

EXpOSU re people group

Average daily number of exposures, calculated for each people group at
an ES

F Coefficient provided in Table A-2 and Table A-5

f Reduced debris throw factor

FAEs Floor area of the ES (ft%)

FB Fragment blocking coefficient provided in Table 14

Fua High-angle fragments

Fia Low-angle fragments

F, Fireball radius

FV Final Velocity

G Coefficient provided in Table A-5

g Crater radius coefficient

Gp Percentage of glass on the ES

h Height increment under evaluation in equation (132)

hl Height of PES provided in Table 7

h2 Height of ES barricade (user input)

h3 Height of ES provided in Table A-11

H Coefficient provided in Table A-5

HRD High range damage

I Unmodified impulse (psi-ms)

I' Adjusted impulse (psi-ms) outside the PES

1" Final impulse (psi-ms) inside the ES

1A Impulse-adjusted probability of serious injury from glass breakage
1Aroof Nominal invulnerable area of the roof, provided in Table 26
1Awall Nominal invulnerable area of the wall, provided Table 27
IFR Injury to fatality ratio

IRR Initial reduction ratio
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Variable Symbol

Variable Name/Explanation

Iscaled Impulse scaled
v Initial velocity
IV, Calculated initial velocity
IV max Maximum initial velocity
k Bin number of first non-zero bin
K factor Hazard factor or scaled range
KE Kinetic energy
KE, KE adjustment
KEgr Resulting kinetic energy
The probability of an explosive event during a given year based on the
A type of explosives present and the activity performed at the explosives

site, also referred to as P,

Local reduction

Fraction of fly-through fragments blocked at height h

Lower Lower projection angle of fragments from the PES to the ES
LRD Low range damage
m Upper bound multiplication factor
Coefficient provided in Table A-12
M Medi_an
Nominal or Center Value
In SAFER, characterizes nominal factor values in linear space
maj;DO Major injury damage offset, provided in Table 10
majiPD Major injury plateau damage, provided in Table 10
MAXInjury Constant set to 100%
min;DO Minor injury damage offset, provided in Table 10
mingPD Minor injury plateau damage, provided in Table 10
MINInjury Constant setto 0
MOwW Model of the World
MT. CaIc_uIated maximum throw range
Maximum throw range for concrete fragments
MTn, Maximum throw range for multiple weapons
MT max Highest maximum throw range
MT, Max!mum throw for a single weapon,
aximum throw for steel fragments
Mun-scated The center value for the un-scaled probability of event predicted from
the accident data
N Coefficient provided in Table A-12
N* Total quantity of fragments
N*Ha Total quantity of high-angle fragments
N*La Total quantity of low-angle fragments
Nat Number of expected arriving fragments per square foot
Nce Number of crater ejecta fragments
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Variable Symbol

Variable Name/Explanation

NEW

The Net Explosive Weight of hazardous material contributing to the
event

Net Number of fly-through fragments

Nua Number of high-angle fragments from equation (142)
NHA Number of fragments that will be impeded by the roof
Nia Number of low-angle fragments from equation (146)
NFT Number of fly-through fragments blocked by the wall

Nom. Praji(oe)

Nominal Pmaji(bc)

Nom. Prini(c)

Nominal Pmini(bc)

Npt Number of departing primary fragments

N’ pt Number of primary fragments not contained in the PES

Npos Percentage of weapons on the outer surface of the stack

Nt Number of secondary fragments

Ns Number of side-impact fragments

NSI Number of side-impact fragments blocked by the wall

Number of People | The quantity of people entered by the user

Nw Number of weapons

Nwos Number of weapons on the outer surface

P Unmodified or open-air pressure (psi)

P Adjusted pressure (psi-ms) outside the PES

p" Final pressure (psi-ms) inside the ES

P tre)1 1.0, except for glass fatality mechanism, which is 0.1

P(f/e)z The nominal value calculated by SAFER Version 3.0

Psh Probability of skull fracture

P ambient Ambient pressure

Ppase Probability of a major injury from glass breakage

PDy Predicted building damage

Pdynamic Dynamic pressure

P, Probability that an explosive event will occur per Potential Explosion
Site per year

PES Annual The typical hours per year that the PES is expected to house explosives

Operating Hours

based on the activity selected by the user.

PES mass thrown

Provided in Table A-20 - Table A-23

PESpc The fraction of debris (primary fragments contained by the PES
PESdamage(fw) Fraction of PES front wall damage

PESdamage(roof) Fraction of PES roof damaged

PESdamage(rw) Fraction of PES rear wall damaged

PESdamage(sw) Fraction of PES side walls damaged
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Variable Symbol

Variable Name/Explanation

PE Straction Fraction of PES area by component provided in Table 15
PESintact The fraction PES intact following the explosive event
PESintact(w) Fraction of PES front wall intact
PESintact(roof) Fraction of PES roof intact
PESintact(rw) Fraction of PES rear wall intact
PESintact(sw) Fraction of PES side walls intact
PESiotainc Total fraction of debris (primary fragments) contained by the PES
Pevent Probability of event
P+ Annual probability of fatality
Ps) Probability of fatality due to overall building damage
Piioo) E:gggg::::y of fatality due to building collapse,
y of fatality as a function of structural damage

Ps(oc)1 Constant provided in Table A-15
Piooy2 Efgc)zzi;e((l-a XT\avé%/ éC . v_sz)>) Else Pyyo2 = Romi

f(bc)2 2mins y Pfoe)2 = Fioe)2, f(oc)2 = M2min
Ps(od) Probability of fatality due to whole body displacement
Ps) Probability of fatality due to debris

Ps(d)high-angle

Probability of fatality due to debris from the combined high-angle
penetrating debris table

I:)f(d)low-ang le

Probability of fatality due to debris from the combined low-angle
penetrating debris table

Psre

The probability of fatality given an explosive event and exposure — this
factor aggregates the effects of the fatality mechanisms: overpressure,
debris, building collapse, and glass hazards, or thermal effects

Ps(pain)individual

Expected value of the probability of fatality distribution for a PES-ES pair
(Individual)

PEs)individual

Expected value of the probability of fatality distribution for a unique ES
caused by all PESs

PtrES)Individual

Expected value of the probability of fatality distribution for all ESs in the
Risk-based evaluation distance of a unique PES

Ps(pES siting)individual

Expected value of the probability of fatality distribution for all ESs within
the Risk-based evaluation distance of any PES (resulting from all PESs)

Ps(instailyIndividual

Expected value of the probability of fatality distribution resulting from the
entire situation (all PES-ES pairs in the situation)

Pf(g) Probability of fatality due to window breakage

Ps(gi) Initial probability of fatality due to window breakage

Ps(g)1 Constant provided in Table 9

Pl a(/:ullgi? féé%g /BF:\EE)%O (e >

Psar) Probability of fatality due to lung rupture

Pf(o) Probability of fatality due to overpressure effects

Ps0) Probability of fatality due to the effects of pressure and impulse
Ps(sf) Probability of fatality due to skull fracture
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Variable Symbol

Variable Name/Explanation

Pt

Probability of fatality due to thermal effects

Ps(to) Nominal probability of fatality due to thermal effects
P Probability of fatality at range x
P Set to 100% for most fatality mechanisms, with glass being the
f(x)1 exception.
= Probability of fatality determined at runtime, used for calculating the
f(x)2 close-in fatality mechanisms
= Probability of fatality given an explosives event and the presence of a
fle person
The median value of the lognormal distribution, Pf|lko, the epistemic
uncertainty associated with evaluating the median value of the
Pfikoo probability of fatality due to explosive effect, k, where k=1, 2, 3,4
represents the four fatality mechanisms: blast overpressure, building
collapse, debris, and glass.
Pgha Probability of a person being in the glass hazard area
Phit Probability of hit
Phitc) Probability of hit for fatality
Phit(maji) Probability of hit for major injury
Phit(mini) Probability of hit for minor injury
Pi Debris probability densities at the ES

PMaj (pair) Individual

Point estimate of an individual’'s probability of a major injury for a PES-
ES pair

Pmaj Es) Individual

Point estimate of an individual’'s probability of a major injury at a unique
ES resulting from all PESs

PMaj (PES) Individual

Point estimate of the maximum individual probability of a major injury
caused by a unique PES across all ESs within the Risk-based
evaluation distance of that PES

Pmaj (PES siting)
Individual

Point estimate of the maximum individual probability of a major injury at
any ES within the Risk-based evaluation distance of a unique PES
caused by any PES

PMaj (install) individual

Point estimate of the maximum individual probability of a major injury at
the installation (all PES-ES pairs in the situation)

Probability of a major injury given an explosives event and the presence

Phtaile of a person

Pmaji(o) Probability of a major injury due to overall building damage
Pmajibe) Probability of a major injury due to building collapse
Pmaji(od) Probability of a major injury from whole body displacement
P maji(d) Probability of a major injury due to debris

Pmaji(g) Probability of a major injury due to window breakage
Pmaji(ir) Probability of a major injury from lung rupture

Pmaji(o) Probability of a major injury due to overpressure effects

P maji(sf) Probability of a major injury due to skull fracture

Pmajict) Probability of a major injury due to thermal effects
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Variable Symbol

Variable Name/Explanation

Pwmin (pair) individual

Point estimate of an individual’s probability of minor injury for a PES-ES
pair

Pwmin (ES) Individual

Point estimate of an individual’s probability of a minor injury at a unique
ES caused by all PESs

Pwmin (PES) Individual

Point estimate of the maximum individual probability of a minor injury
caused by a unique PES across all ESs within the Risk-based
evaluation distance of that PES

Pwmin (PES siting)
Individual

Point estimate of the maximum individual probability of a minor injury at
any ES within the Risk-based evaluation distance of a unique PES
caused by any PES

PwMin install) Individual

Point estimate of the maximum individual probability of a minor injury at
the installation (all PES-ES pairs in the situation)

Probability of minor injury given an explosives event and the presence

Puinje of a person
Pmini(b) Probability of a minor injury due to overall building damage
Pmini(bc) Probability of a minor injury due to building collapse
Pmini(d) Probability of a minor injury due to debris
Pmini(g) Probability of a minor injury due to window breakage
Pmini(m Probability of a minor injury from lung rupture
Pmini(o) Probab!l!ty ofa m!nor !njury,
Probability of a minor injury due to overpressure effects
Pmini(sf) Probability of a minor injury due to skull fracture
Pminiy) Probability of a minor injury due to thermal effects
Pmini(wd) Probability of a minor injury from whole body displacement
Prominal Nominal pressure
P., Probability of a major injury given that the person is in the glass hazard
pha area
P reflected Reflected pressure
Pscaled Scaled pressure
Psh Probability of skull fracture
PWHFA Potential window hazard floor area
r Crater ejecta range coefficient
R Range
R1 Maximum plateau range
R, Minimum normal range
Romin Provided in Table A-15
Ra d/Ry
RL Reduction level
Ru Elinal_ maximu_m throw values,
ominal maximum throw range
RVave Average reduction value
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Variable Symbol

Variable Name/Explanation

Environmental factor that increases the probability of an event based on

S extenuating circumstances at the site — such as operations in a remote
area or under combat conditions

SD Standard deviation, characterizes the spread or dispersion of factor
values in linear space
Median of the lognormal distribution representing the P, Environmental

So factor, S, that addresses the increase in risk due to extenuating
circumstances.

Sp Constant provided in Table 17, used to calculate maximum throw values
for secondary fragments

T2 Angle from height h to the top of the ES barricade

T3 Angle from height h to the top of the ES

TBF Adjusted Thermal Blocking Factor

TBE Thermal Blocking Factor based on the ES building type, provided in

0 Table 32
Total angle Span of angles at which fragments are ejected from PES

Total reduction

Total percentage of fragments blocked by the barricade

TP

Transition Point

uB

Upper Bounds or extreme value

uB environmental factor

Provided in Table 34

uB un-scaled Pe

The Upper Bound provided in Table 33

UB Upper limit of At

UL Upper Limit

UL 4 Upper limit on the number of personnel present at an ES at any time
Upper Upper projection of fragments from the PES to the ES

V Volume of PES

VAVR Vent Area to Building Volume Ratio

Vi(pair)individual

Variance of the individual probability of fatality distribution for a PES-ES
pair

Vf(pair)Group

Variance of the group expected fatality distribution for a PES-ES pair

Vi(ES)Individual

Variance of the individual probability of fatality distribution for a specific
ES

Vf(ES)Group

Variance of the group expected fatality distribution for a specific ES

VipES)individual

Variance of the individual probability of fatality distribution for a single
PES

ViPEs)Group

Variance of the group expected fatality distribution for a single PES

Vi(PEs siting)Individual

Variance of the maximum individual probability of fatality distribution for
any ES within the Risk-based evaluation distance of any PES

Vi(pEs siting)Group

Variance of the expected fatality distribution for all ESs within the Risk-
based evaluation distance of any PES caused by all PESs

Vi(install)individual

Variance of the individual probability of fatality distribution for the entire
situation (all PES-ES pairs)
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Variable Symbol

Variable Name/Explanation

Vf(instaII)Group

Variance of the group expected fatality distribution for the entire
situation (all PES-ES pairs)

WV Weight to Volume ratio

Wi Yield of the event (Ibs)

W, Equivalent NEW (Ibs)

W, Adjusted weight (Ibs)

X Natural log of the hazard factor

Xa Natural log of the adjusted hazard factor

Xo Natural log of the effective hazard factor

Y Effective Yield

Yo Constant provided in Table A-6 - Table A-9

Y100 Constant provided in Table A-6 - Table A-9

Ya Actual yield

Yield The percentage of the material contributing energy to the event

Yn Normal yield

Yr Ratio of the equivalent NEW (W,) to the total destruction value (Y1q0)

Z Hazard factor

7 Adjusted hazard factor,

a Adjusted scaled distance (ft)

Z, Effective hazard factor

Z; Nominal thermal hazard factor

Zia Adjusted thermal hazard factor

AKE, Values provided in Table A-25 and Table A-26

At Percentage of time that personnel in an ES are exposed to a PES when
explosives are present
Median of the lognormal distribution representing the percentage of

At time, At, when explosives are present at the PES that exposures are
present at the ES

At Used for computing group risk at an ES

0 Group 2 At people group
Mt Used for computing individual risk at an ES, the maximum {At yeqpie group:
0 Individual across all people groups at the ES}

The median of the lognormal factor, 60, that describes the epistemic

1 uncertainty in Ao, the median number of explosive events per typical

00 operating year at a given activity/facility. Previously known as un-scaled
e

The mean

H In SAFER, characterizes nominal factor values in log space

PAe The coefficient of correlation between PES activity and Exposure

PNe The coefficient of correlation between NEW and Exposure
Standard deviation

o In SAFER, characterizes the spread or dispersion of factor values in log

space.
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Variable Symbol

Variable Name/Explanation

Standard deviation of the lognormal distribution representing the

o 4t percentage of time, At, when explosives are present at the site that
exposures are also present
o) Previously known as o yn-scaled pe
The standard deviation of the lognormal factor, 60, that describes the
O j0 epistemic uncertainty in Ao, the median number of explosive events per
typical operating year at a given activity/facility.
Standard deviation of the lognormal distribution, Eo, representing the
Oe median number of daily exposures.
Oe Group Ln(ULa/ Eoo) /' 3
O¢ Individual Ln(1.0/1.0) / 3 = 0.0 (also by definition)
Standard deviation of &¢;, a lognormal multiplicative factor describing the
Oel random variation in A due to exposure.
Standard deviation of the lognormal distribution, Eo, of the epistemic
OFo uncertainty associated with the median number of daily exposures.
The standard deviation of the lognormal distribution, &, the random
ok variation in Py due to effect k, where k = 1, 2, 3, 4, represents the four
fatality mechanisms.
The standard deviation of the lognormal distribution, &, the epistemic
o uncertainty associated with evaluating the median value of the
ko probability of fatality, Pse due to effect k, where k = 1, 2, 3, 4, represents
the four fatality mechanisms.
The standard deviation of dnew:, @ multiplicative factor describing the
ONEW1 random variation in A due to NEW.
The standard deviation of dyew,, @ multiplicative factor describing the
ONEW2 random variation in Py due to NEW.
The standard deviation of the lognormal distribution representing the P,
os Environmental factor, S, that addresses the increase in risk due to
extenuating circumstances. Previously Known as Genvironmental factor.
The Standard Deviation of the lognormal distribution, &,, a multiplicative
Oy factor describing the random variation in yield.
o The Standard Deviation of the lognormal distribution, &,,, a multiplicative
yo

factor describing the epistemic uncertainty in yield.
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Definitions

One of the largest difficulties in risk analyses is clear communications. Often words have many
meanings leading to misunderstandings. In this document the definitions below are used.

Accident — That occurrence in a sequence of events that usually produces unintended injury,
death or property damage.

Expected fatalities — The expected number of individuals who will be fatalities from an
unexpected event. This risk is expressed with the following notation: 1E-7 = 107 = 1 fatality in
ten million person years.

Exposure — The time per year an individual is exposed to the potential explosives event.

Group — The total number of people

(1) A group of people in an ES with the same exposure information

(2) All of the people inan ES

(3) All of the people in all ESs exposed to significant individual risk from a PES

(4) All of the people in all ESs exposed to significant individual risk from any PES

(5) Related Group — All individuals in ESs exposed to significant individual risk from a
PES to which they are related

(6) Unrelated Group — All individuals in ESs exposed to significant individual risk from a
PES to which they are unrelated

Group Risk — Sum of all significant individual risks from a PES
(1) Related Group Risk — Sum of all related individual risks in the group
(2) Unrelated Group Risk — Sum of all unrelated individual risks in the group

Hazard — Any real or potential condition that can cause injury, illness, or death of personnel, or
damage to or loss of equipment or property.

Individual risk — The risk to an individual

(1) The risk to any particular individual, either a worker or a member of the public. A
member of the public can be defined as anyone not related to the explosives mission
at the installation.

(2) The sum of the individual risks to an individual in an exposed site from all PESs
which presents significant risk to the individual (>1x10®).

(3) Related Individual Risk — Sum of all significant risks to an individual in an ES from
all PESs to which they are related

(4) Unrelated Individual Risk — Sum of all significant risks to an individual in an ES from
all PESs to which they are unrelated

Inhabited Building Distance (IBD) — Distance to be maintained between a PES and an
inhabited building.

Probability of fatality — The likelihood that a person or persons will die from an unexpected
event.

xxiii



Risk — A measure that takes into consideration both the probability of occurrence and the
consequence of a hazard. Risk is measured in the same units as the consequence such as number
of injuries, fatalities, or dollar loss.

Risk analysis — A detailed examination including risk assessment, risk evaluation, and risk
management alternatives, performed to understand the nature of unwanted, negative
consequences to human life, health, property, or the environment; an analytical process to
provide information regarding undesirable events; the process of quantification of the
probabilities and expected consequences for identified risks.

Risk assessment — The process of establishing information regarding acceptable levels of a risk
and/or levels of risk for an individual, group, society, or the environment.

Risk-based evaluation distance — Distance from a PES at which all exposed sites must be
evaluated. Determined by selecting the greater of Inhabited Building Distance or the SAFER
Calculated Distance.

Risk evaluation — A component of risk assessment in which judgments are made about the
significance and acceptability of risk.

SAFER Calculated Distance (SCD) — Distance from a PES at which the individual risk for a
single person, in the open, is 1x10® (the explosives at the PES are assumed to be the baseline
Hazard Division (HD)).

Safety — Relative protection from adverse consequences. In this context, Safety = 1 — Risk.

Scenario — In the SAFER context, a scenario is a set of conditions that are under evaluation. In a
scenario, conditions are not static.

Significant Individual Risk — Risk inside the Risk-based evaluation distance
Situation — In the SAFER context, a situation is the set of static conditions that are under

evaluation similar to a scenario. Static refers to the period of time under evaluation (i.e. 1 year
for SAFER).
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1.0 INTRODUCTION

1.1 Purpose

The purpose of this technical paper is to present the underlying logic and algorithms used in risk-
based explosives safety analyses, as implemented in the Safety Assessment for Explosives Risk
(SAFER) Version 3.0 model.

1.2 Scope

The methodology as described herein applies to risk-based explosives safety analysis, as
implemented in the SAFER Version 3.0 model.

1.3 Applicability

The SAFER Version 3.0 model may be used for risk-based explosives safety siting as allowed by
the Department of Defense Explosives Safety Board (DDESB). The model may also be used for
risk management purposes.

1.4 Background

Quantity-Distance (QD) criteria have been used as the primary means for the safe siting of
facilities for more than 70 years. QD criteria consider only explosives quantity, Hazard Division
(HD), and facility type to determine a safe separation distance. During the past 30 years, safety
professionals have recognized that QD could be improved by considering other factors in the
safety analyses to include type of activity, number of people, building construction, and
environment to assess the overall risk of an operation.

The DDESB recognized the need to develop a risk-based approach for explosives safety analysis.
In 1997, the DDESB chartered the Risk-Based Explosives Safety Criteria Team (RBESCT) to
develop such an approach. The result of this effort was the SAFER model. DDESB approved
SAFER for use in DoD safety analyses in 1999 on a trial basis through 2002.

The RBESCT delivered SAFER Version 1.0 in May 2000. This software allowed safety
professionals to perform their own risk-based explosives analyses. Based on improvements
identified during the development of SAFER Version 1.0, the RBESCT sought to produce a
follow-on version. SAFER Version 2.0 was approved for distribution in May 2002 on an
extended trial basis through December 2004; the trial period was later extended until such time
as risk-based explosives siting criteria is incorporated into DoD 6055.9-STD. The methods
described in this paper were developed by the RBESCT for the SAFER Version 3.0 model.

Software Version Publication Date of Technical Paper
SAFER Version 1.0 Technical Paper #14, February 2000
SAFER Version 2.0 Technical Paper #14, May 2002
SAFER Version 2.1 Technical Paper #14, September 2003
SAFER Version 3.0 Technical Paper #14, February 2007




1.5 Related Reading

This document contains the description of SAFER Version 3.0 algorithms. As such, it makes no
attempt to describe the background or rationale why certain approaches were selected. That
related material is contained in other documentation that includes:

Minutes of the RBESCT. Over 45 team meetings were held as part of the SAFER
development process. Meeting minutes are available from team members in hard copy only.
(They are currently being documented on CD). These minutes are used as references for a
variety of purposes.

Technical Memoranda and Reports prepared by the RBESCT and A-P-T Research, Inc.
document the rationale for key decisions made as part of the development process. The
memoranda have been included as attachments to this Technical Paper. These Memoranda
and Reports provide referenceable sources explaining why certain decisions were made.

Published papers relating to specific aspects of the software or criteria development.
Numerous aspects of the development have been documented in published papers listed in
the bibliography.

The NATO manual on Risk Analysis (AASTP-4), which contains significant material on the
methods used by participating nations for conducting explosives safety risk analysis (Ref 1).
The risk-based methodology used in SAFER is summarized in AASTP-4.

1.6 Major Modifications in SAFER Version 3.0

The major modifications between SAFER Version 3.0 and previous versions include:

Updated the probability of event matrix to include an additional 5 years of accident data,
Developed simplified “close-in” fatality algorithms for each fatality mechanism,
Included algorithms for determining major and minor injuries,

Improved debris algorithms (high-angle and low-angle split, and low-angle fragments
passing through distances less than maximum debris throw distance),

Improved crater ejecta algorithm for large NEW cases,

Improved concrete roof Pressure-impulse (P-1) diagrams and roof damage determination,
Created scaled range dependencies on major injury to fatality ratios for glass algorithms,
Included exposed site (ES) barricades,

Included International Standardization Organization (ISO) container as PES option,
Included calculation of risk to workers inside the PES, and

Revised uncertainty model.

2.0 ANALYSIS METHODOLOGY

2.1 Origin and Overview

The general method adopted for use in the SAFER model is one that has origins in the 1600s and
has been used since in a variety of forms worldwide. In 1662, the French mathematician Blaise
Pascal wrote (Ref 2):



“Our fear of harm ought be proportional not only to the magnitude of the harm,
but also the probability of the event.”

This provides the most basic formulation for risk:
Risk = Likelihood * Consequences 1)

This basic equation serves as the mathematical origin of many specific risk equations that can be
derived directly from the same source. Two such equations are used by SAFER. They both
originate from this equation:

Risk = Likelihood * Consequences * Exposure (2)

Equation (2) is a direct derivative of Pascal’s equation where the likelihood of an explosives
event is expressed in terms of a probability, and undesired consequences are expressed in terms
of the probability of fatality given the presence of people. The basis of selecting fatality as the
measure is described in Ref 3.

SAFER uses this basic formulation to calculate the product of three components to estimate the
annual probability of fatality, Ps, as shown in the following equation:

Risk =P, =P, *P, *E, ©)

The Pe is defined as the probability that an explosives event will occur per Potential Explosion
Site (PES) per year. The Pye is defined as the probability of fatality given an explosives event
and the presence of a person. E; is defined as the exposure of one person to a particular PES on
an annual basis.

A second measure that is associated with group risk is expected fatalities, E;. This is defined as
the summation of individual risks and provides an expectancy or expected value (i.e. the average
number of fatalities expected per year) as shown:

Ef:Z(Pe*Pf\e*Ep) (4)

In Sections 2.2 to 2.4 each of the three terms of the risk equations (3) and (4) above are
described.

2.2 Event Analysis

The first term of the risk equation is the probability of event, P.. This term is used to assess the
likelihood that an explosives event occurs. To incorporate the Pe into SAFER, a P, matrix was
developed using a compilation of historical explosives accident data from the U.S. Army, Navy,
Air Force, and Marine Corps. The rationale used to develop the P matrix is documented in Ref
4.

The Pe is a function of three parameters:

e Activity at the PES (activity type)
e Storage Compatibility Group (CG)
e Environmental factors

Each of these parameters is described in Section 0.



2.3 Effects Analysis

The second term of the risk equation is the probability of fatality given the event occurs and a
person is present, Pge. Pre is determined by combining the potentially fatal effects of impulse and
overpressure, building collapse, window breakage, debris (fragments from the explosives casing,
building debris, and crater ejecta), and thermal effects. These potential fatality mechanisms are
analyzed in parallel within the SAFER model and are grouped into four branches of sequential
steps.

Branch 1 — Pressure and Impulse. The explosion produces a blast wave described by pressure
and impulse. Pressure-impulse is defined using Kingery-Bulmash equations and the algorithms
from the Blast Effects Computer (Refs 5, 6). The effects are followed in sequence from the event
through the PES to the exposed site (ES) and finally to the exposed person(s) as detailed in
Section 4.2.

Branch 2 — Structural Response. The pressure and impulse impinging on the ES from Branch 1
provides the input for Branch 2. Two effects are assessed here: building collapse and broken
windows (flying glass). Each effect is treated as an independent source of injury or fatality as
detailed in Section 4.3.

Branch 3 — Debris. The debris branch combines flying debris from three sources into a single
table of debris density as a function of Kinetic Energy (KE). Lethality from this debris is then
evaluated using the protocol previously developed by the Range Commanders Council (Ref 7).
To accomplish this, primary debris (from the explosive item), secondary debris (from the PES),
and ejecta (from the crater) are each evaluated. The details of this approach are in Section 4.4.
The debris from the ES are evaluated in Branch 2.

Branch 4 — Thermal. The thermal branch is only used for Hazard Division (HD) 1.3 explosives
(mass fire). Thermal effects are evaluated using a methodology presented in Attachment 1. The
detailed algorithms are in Section 4.5.

2.4 Exposure Analysis

Exposure is a major factor in the risk equation. The units for exposure are person years per year
or simply people. Individual exposure is measured as the probability of a person being present
when the event occurs (i.e., a number between 0 and 1).

The SAFER Risk model includes two random variables related to exposure: At, the percentage of
time that personnel are exposed to the PES that the PES is actually operating (housing
explosives) and E,, the distribution used to estimate the daily number of Exposures. These two
variables are represented by lognormal distributions defined by their medians and standard
deviations. Section 4.1.3.2 describes how these parameters are calculated from the user input.

2.5 Conservatism in the Model

In the context of this paragraph conservatism means biasing an analysis toward safe sided
(higher risk) answers.



Pascal argued that risk should be considered as a mathematical formulation without adding bias
(Ref 2). This means that equal concern should be given to an event which happens once in a
thousand years killing a thousand people and an event happening once a year Killing one. It also
means that conservatism should not be added out of fear of certain consequences or for any other
reason. This Pascalian-based principal is in direct competition with the widely recognized and
accepted principle to err on the safe side. Pascal’s thinking recognized that if the risks
originating from fundamentally different sources are to be compared, the comparison can best be
done without any biases.

In recognition of these fundamentally different requirements, SAFER has adopted the Pascalian
principle with the model design goal of best estimate with the pragmatic addendum that where
no analytical basis exists conservative estimates will be used. This philosophy is foundational to
many of the analytical approaches described in later sections.

Although the model design goal has been to develop best estimate methodologies, for risk-based
site plans, a conservative approach is taken. When submitting a risk-based site plan, the sited
NEWQD must be entered even though the explosives might not be present for the entire year.

3.0 SAFER MODEL OVERVIEW

This section provides an overview of the architecture of the SAFER model. This architecture
describes the organization of the methods executed by the model to determine the risk from an
explosives event.

The SAFER model conducts a sequence of 26 steps to estimate the annual probability of fatality.
These procedures are arranged in the architecture as presented in Figure 1. The architecture
presented in Figure 1 is complicated. To facilitate discussion of the model, the 26 steps are
divided into six functional groups:

Group 1 Steps 1-4 Situation Definition, Event and Exposure Analyses
Includes user inputs that describe the situation (PES and ES) and calculates Pe, exposure,
and yield

Group 2 Steps 5-8 Pressure and Impulse Branch
Calculates the effect of the fatality mechanisms of pressure and impulse

Group 3 Steps 9-10 Structural Response Branch

Calculates the effect of the fatality mechanisms of building collapse and broken windows
(overall building damage)

Group 4 Steps 11-18 Debris Branch

Calculates the effect of the fatality mechanisms for multiple types of flying debris
Group 5 Steps 19-22 Thermal Branch

Calculates the effect of the fatality mechanism heat for HD 1.3 scenarios only
Group 6 Steps 23-26 Aggregation and Summation

Aggregates the total effect of all fatality mechanisms, calculates the desired measures of risk,
and assesses overall uncertainty

Section 4.0 describes the detailed algorithms used in each of the 26 steps to calculate the risk.
Section 5.0 describes the algorithms used in estimating the uncertainty in the risk.
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3.1 Close-In Fatality Mechanisms

In SAFER Version 1.0 the software was limited to distances at or beyond Public Traffic Route
(PTR) distance. With each SAFER version, algorithms have been developed so the software
would be applicable to distances closer to the PES. With SAFER Version 3.0, the software will
calculate risk to the persons in the PES and exposed sites within close proximity of the PES.

The specific methodology for determining the probability of close-in fatality values will be
discussed within the Step that each fatality mechanism is calculated in and Attachment 2
provides additional details. This section provides a top-level description of how the close-in
fatality mechanisms are calculated.

SAFER Version 3.0 assumes that for distances in close proximity to the PES the probability of
fatality will be equal to 1.0. This is defined as the “simplified close-in plateau” region. That
distance has been defined for each of the fatality mechanisms and is described later in this paper
in the Step where the calculation occurs. Another distance has been defined for each of the
fatality mechanisms where the RBESCT is confident in the results of the scientific algorithms.
This is defined as the “normal” region. The region in between the “simplified close-in plateau”
and the “normal” region is defined as the “transition” region. If the distance under evaluation is
in the “transition” region, SAFER will interpolate between the “simplified close-in plateau” and
the “normal” region to determine the resulting probability of fatality value. The three regions are
shown in Figure 2.

Pieor 18 usually
f'/ equal to 1.0
I:)f(x)l
= P, is N0t
= p fx)2 1S NO
= f(x)2 known until run-
time
< > € > >
simplified close-in transition region “normal” region
plateau region
R1 R2
Range
Figure 2. Determination of Py Region

The determination of the probability of fatality at range x, P, is based on the range (in terms of
either scaled distance or simply distance, depending on the fatality mechanism) between the PES
and ES. In SAFER Version 3.0, the determination of Py is made by selecting which of the
following three regions the range falls in:



1. the simplified “close-in” plateau region
2. the transition region (with new algorithms)

3. the “normal” region.
The aPpropriate region for determining Py is based on the range (either the hazard factor, Z
[ft/Ib'], or distance, d [ft]). The Pio1 is set to 100% for most fatality mechanisms, with glass
fatallty belng the exception. P2 is the nominal SAFER Version 3.0 P at range = Ro. Rz is

determined at run-time for each fatality mechanism. Z is calculated at run-time in Step 5 or 6,

depending on the PES building type, or is calculated in Step 19 or 20 if the Hazard Division is
1.3.

1. The general algorithm for determining Ps is described below.

2. If R (range) is less than the maximum plateau range, R1, then set the P to Py (this
is 1.0, except for the glass fatality mechanism, which is 0.1).

3. IfR (range) is greater than or equal to the minimum normal range, Ry, then set the P
to Pe)2 (the nominal value calculated by SAFER Version 3.0).

4. Otherwise, Z is within the transition reglon S0 Pxy is calculated by:
Piy = Proo1 + Prooa— [(R = R1) / (Re= R * Prn ()
The specific implementation of this general algorithm is described for each fatality mechanism in

Section 4.0. Attachment 2 contains additional details.

4.0 DETAILS OF SAFER ARCHITECTURE

This section presents the logic and algorithms used in the SAFER Version 3.0 model to
determine risk due to an explosives event.

4.1 Group 1 Steps: Situation Definition, Event and Exposure Analyses

Group 1 includes Steps 1-4 of the SAFER architecture. These steps cause the user to input data
describing the situation of interest — details about the PES and ES. Additionally, these steps
perform event and exposure analyses to calculate P, and exposure, the first and third terms of the
risk equation. Finally, Step 4 calculates explosive yields that will be used in subsequent steps.

To enhance readability, selected reference tables of constants used in the Group 1 steps are
located in Appendix A.
4.1.1 STEP 1: Enter explosives data

Step 1 queries the user for information needed to begin the definition of the situation to be
analyzed.

SAFER prompts the user to make the following inputs:

e Sited Net Explosives Weight QD (NEWQD)
e Expected NEWQD
e Hazard Division (HD) of explosives



e \Weapon type or description

Table 1, Weapon Descriptions, presents the weapon types considered by SAFER. The table
presents the weapons by Hazard Division and provides a short description of the weapons.
Rationale for the selection and inclusion of the weapon types considered by SAFER is detailed in
Attachment 3.

Table 1.

Weapon Descriptions

Weapon Type Weapon Description
1.1 | MK82 Robust or thick-skinned bomb
M107 Robust or thick-skinned 155-mm projectile
Bulk/light case Thin skinned
MK83 Robust or thick-skinned bomb
MK84 Robust or thick-skinned bomb
AlM-7 Fragmenting or thin-skinned missile warhead
Unknown (MK82) Unknown (Robust or thick-skinned bomb)
1.2.1 [ M1 105 mm projectile Robust or thick-skinned 105-mm projectile
1.2.2 | 40 mm projectile Robust or thick-skinned 40-mm projectile
1.2.3 | MK82 homb — only 1 round detonates Robust or thick-skinned bomb
1.3 | Bulk propellant Bulk propellant
14 | NA NA
1.5 | Bulkflight case Thin skinned
1.6 | MK82 homb — only 1 round detonates, consider only blast effects | Robust or thick-skinned bomb

SAFER does not perform an equivalent yield calculation for HD 1.4 items because the output for
HD 1.4 cases is determined instead by definition; therefore, the calculation is not required.

HD 1.4 items are not evaluated in SAFER Version 3.0. The hazards associated with a PES
containing solely HD 1.4 items are not considered life threatening. Injury algorithms have yet to
be developed for HD 1.4 items.

Outputs of Step 1:

e Sited NEWQD (lbs)

e Expected NEWQD (Ibs)
e Hazard Division

e \Weapon type

4.1.2 STEP 2: Enter PES data, P, data, and compute Pe.

Step 2 performs two functions in SAFER. In Step 2a, SAFER queries the user for information on
the PES needed to define the situation. In Step 2b, SAFER calculates the probability of event, Pe.

4.1.2.1 Step 2a: User Inputs for PES
A description of each of the user inputs is provided in the following paragraphs.

Input data includes:

e PES building identifier



e PES building category and type

e Number of people at the PES

e Soil type

e Compatibility Group (CG) of explosives

e Activity type

e Applicable environmental factors

e Inhabited building distance (IBD)

e PES Operating Hours, PES Annual Operating Hrs

4.1.2.1.1 PES Building Identifier

The PES building identifier is the building name or number entered by the user. It is used for
informational purposes only to identify the PES if multiple PESs are present in the situation.

4.1.2.1.2 PES Building Categories

PES building categories are used as inputs for subsequent steps. The building categories
considered by SAFER were selected by the RBESCT to represent the majority of the facilities
containing explosives within DoD. The building categories considered by SAFER Version 3.0
include:

e Open e Operating building (concrete)

e Earth-covered magazine (ECM) Hardened aircraft shelter (HAS)
e Aboveground brick structure (AGBS) Ship

e Pre-engineered metal building (PEMB) ISO Container

e Hollow clay tile

Rationale for the selection and inclusion of the building categories considered by SAFER is
detailed in Attachment 3.

4.1.2.1.3 PES Building Types

PES building types are used to distinguish between size and construction type. The building
types considered by SAFER Version 3.0 are shown in Table 2.
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Table 2. PES Building Categories and Types

o Small Concrete Arch ECM
o Medium Concrete Arch ECM
o Large Concrete Arch ECM
Small Steel Arch ECM
Medium Steel Arch ECM
Large Steel Arch ECM
Small AGBS (square)
Medium AGBS

Large AGBS

Small Concrete Building
Medium Concrete Building
Small Ship

Medium Ship

Large Ship

Earth-covered magazine (ECM)

Aboveground Brick Structure (AGBS)

Operating Building (concrete)

Ship

4.1.2.1.4 Number of people at the PES

The user enters the number of people at the PES, the numbers of hours the people are present at
the PES, and the percentage of time that people are present at the PES when explosives are
present at the PES. These values are used to calculate the personnel exposure. Section 2.4
discusses inputs and calculations for exposure.

4.1.2.1.5 Soil Type

The user enters the soil type around the PES. The soil types considered by SAFER include
concrete, rock or hard clay, and looser soils.

4.1.2.1.6 Activity Types

The activity type describes the primary operation that is performed at the PES. This input is used
in determining the P.. Historical data show that this factor can vary the P, by up to four orders of
magnitude.

The activity types considered by SAFER were selected by the RBESCT to represent the majority
of the explosives activities within the DoD. The activity types considered by SAFER Version 3.0
include:

e Assembly e Disassembly

e Load-Assemble-Packout (LAP) e Maintenance

e Burning Ground e Demilitarization

e Demolition e Disposal

e Lab o Test

e Training e Loading / Unloading
e Inspection e Manufacturing

e Painting / Packing e Renovation

e Deep Storage e Temporary Storage
e In-Transit Storage.
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Rationale for the selection and inclusion of the activity types considered by SAFER is detailed in
Attachment 3.

4.1.2.1.7 Compatibility Groups

The explosives storage Compatibility Groups are used to describe the types of explosives in the
PES (see Chapter 3 in DoD 6055.9-STD for a description of the principle of hazard classification
and Compatibility Groups) (Ref 8). This input is used in determining the P.. This factor results in
variations of P, up to 1% orders of magnitude. The Compatibility Groups are divided into three
sets designated by Roman numerals in the matrix in Figure 3. Set one (I) contains Compatibility
Groups L, A, B, G, H, J, and F; set two (Il) contains C; and set three (lIl) contains D, E, and N.

If the CG is unknown, SAFER assigns a default CG of D to all Hazard Divisions except for HD
1.3 items. A CG of C is the default for HD 1.3 items.

Compatibility Groups K and S are not considered by SAFER. CG K is not considered because
the predominant hazard from lethal chemical agents is toxicity and this is not addressed by
SAFER. Compatibility Group S is not considered because it is assigned only to HD 1.4 items and
there is no life-threatening hazard external to the shipping container.

4.1.2.1.8 Environmental Factors

Environmental factors are used to increase the P.. The environmental factors consist of a variety
of environmental circumstances. The RBESCT selected environmental factors to represent
conditions that increase the probability of an event occurring. Each activity type has a set of
applicable environmental factors for that particular activity. If more than one environmental
factor applies, only one adjustment is made using the factor with the highest adjustment. The
applicable environmental factors for each activity are shown in the second column of the matrix
in Figure 3.

The environmental factors were divided into two groups: Group A represents a large increase in
the probability of event (a factor of 10) and Group B represents a smaller increase in the
probability of event (a factor of 3).

4.1.2.1.9 Inhabited Building Distance (IBD)

The user enters the Inhabited building distance. This is used to determine the Risk-based
evaluation distance.

4.1.2.1.10 PES Operating Hours
The user enters the PES operating hours. This is the typical number of hours per year that the

PES is expected to house explosives based on the activity selected by the user. This input is used
to calculate personnel exposure. Typical operating hours are provided in Table 3.

12



Table 3. Typical PES Annual Operating Hours

Activity at PES Explosives Present at PES (hours)
Burning Ground 1560
Demilitarization 1560
Demolition 1560
Disposal 1560
Maintenance 1560
Renovation 1560
Test 1560
Assembly 2080
Disassembly 2080
Load-Assemble-Packout (LAP) 2080
Lab 2080
Training 2080
In-Transit Storage 8736
Painting 1560
Packing 1560
Inspection 2080
Loading 1560
Unloading 1560
Manufacturing 6240
Temporary Storage 8736
Deep Storage 8736

4.1.2.2 Step 2b: P, Determination

Using the activity type, storage compatibility group, and environmental factors, SAFER
calculates the P, using the P, matrix shown in Figure 3. The P. is determined for each PES in the
situation.

To use the P, matrix shown in Figure 3, the activity type and storage CG are used to determine

the un-scaled P.. The un-scaled P is then adjusted by applicable environmental factors, which
results in the final Pe.
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- Allowable Probability of Event (PES-year)
PES used primarily for: :
Environmental Factors | I m
Burning Ground/Demilitarization/
Demolition/ Disposal AL A2, AS, A6, B2, B4 24E-02 | 2.4E-03 8.1E-04
Assembly/ Disassembly/LAP/
Maintenance/ Renovation AL Ad, A5, A6, A8, BL, B2 4.7E-03 4.7E-04 1.6E-04
- Al, A2, A3, A4, A5, A6, A7, A8, B1,
Lab/Test/Training B2, B3, B4 43E-03 | 4.3E-04 1.4E-04
Manufacturing A4, A5 1.7E-03 1.7E-03 1.7E-03
Inspection/Painting/Packing Al, A2, A4, A6, A7, B1, B2, B4 8.2E-04 8.2E-05 2.7E-05
Loading/UnIoading Al, A2, A6, A7,B1, B2, B3, B4 5.7E-04 5.7E-05 1.9E-05
In-Transit Storage (hrs — few days) | Al, A2, A6, A7, B1, B2, B4 3.0E-04 1.0E-04 3.3E-05
Temporary Storage (1 day - 1 mth) | A1, A2, A6, A7, B1, B2, B4 1.0E-04 3.3E-05 1.1E-05
Deep Storage (1 month - year) Al A2,B1 2.5E-05 2.5E-05 2.5E-06
Environmental Factors Elements ‘ Compatibility Group
A. Increase Pe by a factor of 10 for: B. Increase Pe by a factor of 3 | L,A B GHJF
1. Outside Continental United States (OCONUS) for: Il C
operations in support of wartime actions 1. Outdoor storag_e/operations M D,E, N
2. Operations involving dangerously normally done indoors . _
unserviceable items awaiting destruction 2. Home station activities Notes: The elements in the matrix are
3. Initial tests of new systems during exercises/ comprised of Compatinility Groups.
] R continaencies/alert Definitions of the Compatibility Groups
4. Operations occurring in hazardous g can be found in DoD 6055.9-STD. Ref5
environments with gases, fibers, etc. 3. Flightine holding areas ' '
5. Required remote operations 4. TDY otperatlons during
6. Temporary Duty (TDY) activities during peaceime
exercises/contingencies/alerts
7. Integrated Combat Turn (ICT) operations
8. Operations involving exposed explosives

Figure 3. Pe Matrix.
This matrix is used to estimate the probability of an explosives event per PES-year.
4.1.2.2.1 Examples of Calculating P. Using the P, Matrix.

Example 1:
An assembly activity is performed at a PES on exposed explosives with a CG of D. The un-

scaled P, is 1.6E-4. Since the operation involves exposed explosives environmental factor A8
applies. This would increase the un-scaled P, by a factor of 10 and the final P, would be 1.6E-3.
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Example 2:

An earth-covered magazine is used to store explosives during the year. The CG is A. The un-
scaled P, is 2.5E-5. None of the environmental factors are applicable, so the final Pe is also
2.5E-5.

Outputs of Step 2:

e PES building identifier

e PES building category

e PES building type

e Number of people at the PES

e Soil type

e Activity type

e Inhabited Building Distance (IBD)

e PES Operating Hours, PES Annual Operating Hours
e Compatibility Group (CG) of explosives
e Applicable environmental factors

e Probability of event, P

4.1.3 STEP 3: Enter ES data, exposure data, and calculate exposure.

Step 3 performs two functions in SAFER. In Step 3a, SAFER continues to query the user for
information needed to define the situation. In Step 3b, SAFER calculates the personnel exposure.

4.1.3.1 Step 3a: User Inputs for ES
A description of each of the user inputs is provided in the following paragraphs.

Input data includes:

e ES building identifier

e ES building category

e ES building type

e ES roof type

e Type of glass on the ES

e Percentage of glass on ES

e Floor area of ES

e Distance between the PES and ES

e Orientation of PES to ES

e Barricade information

e Number of people at the ES

e Relationship of personnel in ES to PES
e Number of hours people are present at ES
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e Percentage of time people are present in the ES when explosives are present in the PES
e Upper limit (largest number of people exposed at any time during year)

ES Building, Roof, and Wall Types

Table A-1, Default Roof and Wall Types, presents the ES building types considered by SAFER.
The table presents building data by building category, building type, and associated default wall
and roof types.

4.1.3.1.1 ES Roof Types

Table A-1, Default Roof and Wall Types, presents a default roof type that has been defined for
each ES building type.

4.1.3.1.2 Type of Glass on the ES

SAFER queries the user to describe the type of glass present at the ES. Types of glass considered
by SAFER Version 3.0 include:

e Annealed
e Dual-paned
e Tempered

4.1.3.1.3 Percentage of Glass on the ES

SAFER queries the user to identify the percentage of glass on all of the exterior walls of the ES
(total glass area/total wall area), Gp. The range of acceptable values is 0% - 99%. If the ES is a
vehicle, SAFER assumes there is no flying glass hazard, and sets the percentage of glass to 0%.

4.1.3.1.4 Floor Area of the ES

SAFER queries the user to input the floor area of the ES in square feet, FAgs.

4.1.3.1.5 Orientation of the PES to the ES

If the PES building category is either an earth-covered magazine (ECM) or a hardened aircraft

shelter (HAS), SAFER queries the user to describe the orientation of the PES relative to the ES.
Valid orientation choices considered by SAFER Version 3.0 include:

e Front
e Side
e Rear

4.1.3.1.6 Distance between the PES and the ES

SAFER queries the user to input the distance, d, between the PES and ES in feet.
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4.1.3.1.7 Exposure data at the ES

SAFER queries the user to enter the number of people at the ES, the relationship of the people in
the ES to the PES (related or public), the number of hours the people are present at the ES, and
the percentage of time that people are present at the ES when explosives are present at the PES.
The user is also prompted to enter the largest number of person exposed at any time during the
year. The values are used to calculate the personnel exposure. Section 2.4 discusses inputs and
calculations for exposure.

4.1.3.1.8 ES Barricade Information

If an ES barricade is present, SAFER queries the user to enter the height of the barricade, h2, and
the distance between the barricade and the exposed site (d1). Since the barricade is an ES
barricade, the distance between the ES and the barricade must be less than the distance between
the PES and the barricade.

4.1.3.2 Step 3b: Calculation of Personnel Exposure at the ES

Exposure data are entered for the Exposed Site (ES) in groups of one or more people having
similar levels of exposure. The data needed for each group are the number of people present at
the ES, the number of hours they are present during the year, and the percentage of that time that
the PES is operating (housing explosives). The number of hours the PES operates in a typical
year is also needed, but is implemented in SAFER as a lookup table (Table 3) based on the
activity type at the PES. An example exposure computation is shown in Section 4.1.3.2.3.

4.1.3.2.1 At Fraction of PES Operating Year with Exposures

The lognormal statistical distribution At ~ LN(Ato, ox) is defined by its median, At,, and its
standard deviation, o4 This section provides the equations used to calculate these two
parameters when computing both Group and Individual Risk.

The At, is first calculated for each group as:

where AHrs at ESgoup IS the number of hours per year that the group is at the ES, % ES
Hrsexplosives 1S the percentage of the hours that the group spends at the ES that explosives are also
present at the PES, and PES Annual Operating Hrs is the typical number of hours per year that

the PES is expected to house explosives based user input (from Step 2). The At, used for
computing Group Risk at the ES is then calculated as:

Ato Group = ZAtpeople group (7)

and the At, used for computing Individual Risk at the ES is:

Ao individual = Maximum { Atpeopie group: across all people groups at the ES} (8)

! In this section, the Individual Risk is defined as the risks to an individual in an ES from a specific PES. The Group
Risk is defined as the sum of all the individual risks in an ES from a specific PES.

17



The computation of o4 assumes the possibility that exposure at the ES could exist at all times
when explosives are housed at the PES. This assumption results in an Upper Limit of 1.0 for At
that applies to both Group and Individual Risk computations. The equation used to compute oy
is then:

ox=IN(UBy/ Ato)/3=1n(1.0/At,)/3 (9)

It should be noted that the value of Aty group 1S NOt allowed to exceed 1.0. This value indicates
that exposures are present at all times during the year when explosives are housed at the PES.
People groups should be defined so that group exposure times do not overlap. If the user were to
erroneously input people groups whose exposure times overlapped, scenarios could exist where

the standard calculation of At group results in values greater than 1.0. In these cases, SAFER
resets the value to 1.0.

We have determined the parameters At, and oy that define the lognormal distribution
At~LN(At,,04). This distribution is used in the SAFER model of the world to compile the Risk
Distribution.

4.1.3.2.2 E,, Daily Exposures

The lognormal statistical distribution Eqc~LN(Eqo, oe ) is defined by its median, Eqo, and its

standard deviation, oe. This section provides the equations used to calculate these two parameters
when computing both Group and Individual Risk.

The average daily number of exposures is first calculated for each people group as:
EXpOSUfG peop|e group = Number Of P60p|e * At peop|e group (10)
where,

Number of People = the quantity of people input by the user for that group

41.3.2.1.

The E,o used for computing group risk at the ES is then calculated as:

Eoo croup = = (EXposuUre peopie group ) / Z (At people group ) (11)
and the Eq, used for computing individual risk at the ES is:

Eoo Individual = 1.0 (by deflnltlon) (12)

The value of o, used to compute Group Risk is computed using the Upper Limit (UL) on the
Number of People Exposed input by the user and the E,, calculated. The equation used is:

O-eGroup = In( ULAt / EOO) / 3 (13)
The o, used to compute Individual Risk uses an Upper Limit of 1.0 resulting in:
Oe Individual = In (1.0 /1.0) / 3 = 0.0 (also by definition) (14)
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4.1.3.2.3 Exposure Example

In this example there are six groups of public personnel operating at the same ES shown in Table
4. The groups have 10, 5, 6, 8, 9, and 5 people who are present 2080, 500, 350, 156, 750.5, and
654 hours per year respectively.

Table 4. Exposure Example

People Number of Annual % of ES Hours | Annual Hours | PES ES Exposure | Group
Group People Hours at that PES has Exposed Operating as % of Exposure per
ES explosives Hours Operating Operating
Year

1 2080 50% 1040 1560 6.667
2 500 10% 50 1560 0.160
3 350 20% 70 1560 0.269
4 156 10% 15.6 1560 0.080
5 750.5 25% 187.625 1560 1.082
6 654 75% 490.5 1560 1572
Total 1853.7 1560 9.831
Maximum Individual Exposure

The exposure for each people group is first determined by computing the At people group and
EXposurepeople group fOr €ach group as described in sections 4.1.3.2.1 and 4.1.3.2.2 above. The four
parameters that define the Exposure related distributions are then computed as:

For Group Risk:

Ato Group = 2 Atpeople group = 1.188 which is reset to the maximum value of 1.000
on=IN(UB4/At,)/3=In(1.0/1.0)/3=0.000
Eoo Group = 2 (EXpOSUI’e peop|e group) / Z (At people group) = 9.831 / 1.1 18 = 8‘27

and, assuming the user input a value of 10 for the Upper Limit on the number of personnel
present at the ES at any time, then

Cecroup=IN(ULs/ Eyp)/3=1In(10/8.27) /3 =6.3E-02
For Individual Risk:

At individuat = Maximum { Atpeopie group } = 0.667

Ot Individual = In( UBAt / Atg ) /3=1In ( 1.0/ 0.667) /3 =1.35E-01
Eoo Individual = 1.0 (by definition)

O% Individual = IN (1.0 / 1.0) / 3 = 0.0 (also by definition)

The parameters Fy, and o that define the lognormal distribution E£,~LN(Eo,0:) have been
determined. This distribution is used in the SAFER model of the world to compile the Risk
Distribution.

Rationale for the selection of the SAFER input menus is detailed in Attachment 3.
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Outputs of Step 3:

e ES building type

e ESroof type

e Type of glass on the ES

e Percentage of glass on the ES (%), Gp

e Floor area of the ES (ft?), FAgs

e Orientation of the PES to the ES

e Barricade height, h2

e Distance between the barricade and the ES, d1

e Distance between the PES and ES (ft), d

e Median, E,, and standard deviation, o, of Exposure distribution

4.1.4 STEP 4: Calculate yields.

Step 4 calculates explosives yield values that will be used in subsequent steps.

This process is performed twice, first for the sited NEWQD and second for the expected
NEWQD using parameters in Table 5, Determination of Wy, below.

Inputs to Step 4:

e NEWQD (lbs) [from Step 1], sited and expected NEWQD
e Hazard Division, HD [from Step 1]
e Weapon type [from Step 1]

Convertto W,
Table 6
Equation 15

Determine W,

Table 5

Given the NEWQD, HD, and weapon type, calculate the yield? of the event, W4, based on the
instructions presented in Table 5, Determination of W;. Rationale for the instructions presented
in Table 5 is detailed in Attachment 3.

% The terms “yield” and “weight” are mathematically equivalent throughout Section 4.0. The parameters are referred
to by the term most appropriate for the context based upon common usage.

20



Table 5.

Determination of W,

Type Sited or Maximum Yield (NEWQD Expected Yield (NEWQD
11 100% of NEWQD 80% of NEWQD
1.2.1 | Greater of. 50% of total NEWQD | Greater of; 3% of total NEWQD
OR one M1-105 mm projectile | OR 11% of one M1-105 mm projectile
1.2.2 | Greater of. 50% of total NEWQD | Greater of; 3% of total NEWQD
OR one MK 2 40 mm projectile | OR 11% of one MK 2 40 mm projectile
1.2.3 One item (MK82) 11% of one item (MK82)
1.3 100% 100%
15 100% 80%
1.6 One item (MK82) 11% of one item (MK82)

Calculate the equivalent NEW, W, by:
W, =W, *TNT conversion factor (15)

where the TNT conversion factor is taken from Table 6, TNT Conversion Factors. Rationale for
explosive types and TNT conversion factors presented in Table 6 is detailed in Attachment 3.

Table 6. TNT Conversion Factors
Explosive Type TNT Conversion Factor*

MK82 Tritonal 1.07
M107 Composition B 111
Bulk/light case TNT 1.0

MK83 Tritonal 1.07
MK84 Tritonal 1.07
AIM-7 Missile Tritonal 1.35
M1 105 mm projectile Composition B 111
40 mm projectile Composition B 1.0

Notes: *assumes "TNT equivalence" does not vary with distance
** A TNT conversion factor of 1.0 is applied to HD 1.3 (bulk propellant).

Outputs of Step 4:

e Yield of the event (lbs), W;
e Equivalent NEW (lbs), W;

4.2 Group 2 Steps: Pressure and Impulse Branch

Group 2 includes Steps 5-8 of the SAFER architecture. These steps determine the effect of the
fatality mechanisms of pressure and impulse. This branch applies to HD 1.1, 1.2.1, 1.2.2, 1.2.3,
1.5, and 1.6 scenarios.

Steps 5-7 calculate the pressures and impulses for the situation. Unmodified pressure and
impulse values are calculated in Step 5. These values take into account only the effect of the
weapon type — not the presence of a PES or an ES. Step 6 then adjusts the unmodified values to
account for the PES, if a structure is present. A further adjustment is made due to the presence of
an ES in Step 7.
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Finally, Step 8 determines the probability of fatality due to the effects of pressure and impulse,
Pro). If no PES or ES is present in the situation, fatalities are based on pressure and impulse
values determined in Step 5. If the situation includes a PES but no ES, fatalities are based on
pressure and impulse values determined in Step 6. If the situation includes an ES, fatalities are
based on pressure and impulse values determined in Step 7.

To enhance readability, selected reference tables of constants used in the Group 2 steps are
located in Appendix A.

4.2.1 STEP 5: Determine open-air Pressure, Impulse (P, I).

Step 5 calculates the unmodified, or open-air pressure, P, and impulse 1. Values for pressure and
impulse are based on simplified Kingery-Bulmash hemispherical TNT equations (Ref 5).

Inputs to Step 5:

e Yield of the event (Ibs), W1 [from Step 4]
e Distance between the PES and ES (ft), d [from Step 3]
e Weapon type [from Step 1]

Calculate 6
pressure &
impulse
(P, 1
Eq 22, 23
Table A-3,
A-4

Calculate Calculate
Calculate Calculate effective effective Calculate
hazard natural log yield (Y) hazard natural log

factor (2) of Z (X) based on factor of Z, (X,)
Eq 16 Eq 17 Eq 18,19 ) Eq21
Table A-2 Eq 20

Pressure and impulse values for weapon types that are not classified as bulk/light case are based
on the effective yield, Y. For bulk/light case weapon types, the pressure and impulse is calculated
based on the effective yield, however, the effective yield is equal to the yield of the event. The
following procedures are used to calculate effective yield and then open-air pressure and
impulse.

Substep 1

Calculate the hazard factor,® Z, by:

d
Z=—1 (16)
(W;)?
Substep 2
Given the value of Z from Eqg. (16), calculate X as the natural log of the hazard factor:
X =1n(Z) a7

® The hazard factor is also known as the scaled range or K factor in usage and literature.
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Substep 3

Calculate the effective yield, Y. This is done by consulting Table A-2, Effective Yield, and
selecting an appropriate method based on weapon type and scaled range (hazard factor). For
some combinations of weapon type and scaled range, Table A-2, Effective Yield, provides the
equation for Y in the form:

Y =C, *W,/C,) (18)

where C; and C; are constants given in the table. For the remaining combinations of weapon type
and scaled range, Table A-2, Effective Yield, provides the coefficients A, B, C, D, E, and F to be
used in the following equation for Y:

Y = W, *e<A+B*X+C*x2+D*x3+E*x4+F*x5) (19)
NEWQD of one weapon

where the NEWQD of one weapon is provided in Table 12, Primary Fragment Distribution by
Mass Bins.

Substep 4
Calculate the effective hazard factor, Z,, by:
Zo= : 1 (20)
(Y)®
Substep 5
Calculate X, as the natural log of the effective hazard factor by:
X, =In(Z,) (21)

Substep 6

With the values of Z, and X, known, the unmodified values of pressure (psi) and impulse (psi-
ms) can be determined.

Calculate unmodified pressure, P, by:

P— e(A+B*XD+C*X02+D*X03+E*XD4) (22)

where the coefficients A, B, C, D, and E are provided in Table A-3, Pressure Calculation
Coefficients, based on the range of Z.

Calculate unmodified impulse, I, by:
1

| = p(A+BEXo+CoX, +DRX 4B X, ") 4y 3 (23)

where the coefficients A, B, C, D, and E are provided in Table A-4, Impulse Calculation
Coefficients, based on the range of Z.
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Rationale for this methodology to determine unmodified pressure and impulse is detailed in
Attachment 4.

Outputs of Step 5:

e Unmodified pressure (psi), P
e Unmodified impulse (psi-ms), |

4.2.2 STEP 6: Adjust P, I due to PES.

Step 6 performs two functions in SAFER. In Step 6a, SAFER calculates the pressure, P/ and

impulse, 1 outside of the PES. Section 4.2.2.1. describes this process. In Step 6b, SAFER
determines the damage to the PES by calculating percentages of the PES roof and walls that
remain intact following an explosive event as described in Section 4.2.2.2.

Inputs to Step 6:

e Yield of the event (Ibs), Wy [from Step 4]

e Equivalent NEW (lbs), W, [from Step 4]

e Distance between the PES and ES (ft), d [from Step 3]
e Orientation of PES to ES [from Step 3]

e Effective hazard factor, Z, [from Step 5]

e Natural log of effective hazard factor, X, [from Step 5]
e PES building type [from Step 2]

4.2.2.1 Step 6a: Adjust P, I

This step calculates the pressure and impulse values outside of the PES. To perform the required
calculations, SAFER uses the same logic as the Blast Effects Computer to determine an effective
yield (Ref 6). Adjustments are not required if there is not a PES structure (i.e. open) or if the PES
selected is a pre-engineered metal building or hollow clay tile building.

1 2
Calculate Calculate
adjusted adjusted

Calculate
Calculate pressure and
natural log impulse
of Z, (X,) P, 1M
Eq 27 Eq 28,29
Table A-3, A-4

weight (W,) hazard factor
Eq 24,25 (Z,)
Table A-5 Eq 26

Substep 1

Calculate the adjusted weight, W,. This is done by consulting Table A-5, Adjusted Weight
Coefficients, and selecting an applicable method based on PES building type, the effective
hazard factor (Z,), and the orientation of the PES to the ES (when appropriate). For some
combinations of weapon type and scaled range, Table A-5, Adjusted Weight Coefficients,
provides the equation for W, in the form:
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Wa =C *Wl (24)

where c is a constant given in the table. For the remaining combinations of PES building type,
the effective hazard factor (Z,), and orientation, Table A-5, Adjusted Weight Coefficients,
provides the coefficients A, B, C, D, E, F, G, and H to be used in the following equation for W,:

Wa =Wl *e(A+B*x0+C*x02+D*x03+E*x0“+F*x05+G*x06+H*x07) (25)
Substep 2

Calculate the adjusted hazard factor, Z,, by:

d
Za=— 1 (26)
W,)?
Substep 3
Calculate X, as the natural log of the adjusted hazard factor by:
X, =1In(Z,) (27)

Substep 4

With the values of Z, and X, known, the adjusted values of pressure and impulse can be
determined. The equations SAFER uses to calculate these values are in the same form as those
used in Step 5.

Calculate adjusted pressure, P/, by:

P’ = e(A+B*Xa+C*Xa2+D*Xa3+E*Xa4) (28)

where the coefficients A, B, C, D, and E are provided in Table A-3, Pressure Calculation
Coefficients, based on the range of Z,. For “open” PES cases, P’ is set to the P value from Step 5.

Calculate adjusted impulse, 1’ (psi-ms), by:
| = e(A+B*Xa+C*XaZ+D*Xa3+E*Xa4) W % (29)
a

where the coefficients A, B, C, D, and E are provided in Table A-4, Impulse Calculation
Coefficients, based on the range of Z,. For “open” PES cases, I’ is set to the | value from Step 5.

4.2.2.2 Step 6b: Calculate PES Intact

The fraction of the PES intact is a function of the equivalent NEW (W) and the PES building
type.

2
Calculate
PES intact
Eq31

Calculate PES
damage (D)

Eq 30, Tables
A-6t0 A-9

25



Substep 1

The fractional damage (a value between 0 and 1) of each PES component (roof, front wall, side
walls, and rear wall) is determined. Calculate the fractional damage, PESgamage, bY:

Fori=1to4
PES Component i:
If Wz < Yo,
Then PESgamage() = 0
Else If Yo < W, < Yqqo,

Then
PESdamage(i) =ax* (Wz _Yo )b (30)
Else PESdamage(i) =1
End If
Next i,

where a = /(Y100 — Yo)®, and the constants Yo, Y100, and b are provided in the appropriate table for
the PES component: Table A-6, Damage Coefficients for the PES Roof; Table A-7, Damage
Coefficients for the PES Front Wall; Table A-8, Damage Coefficients for the PES Side Walls;
Table A-9, Damage Coefficients for the PES Rear Wall. Coefficients in the tables are based on
the PES building type.

Outputs of Substep 1:

e Fraction of PES roof damaged, PESgamage(roof)

e Fraction of PES front wall damaged, PESgamage(fw)
e Fraction of PES side walls damaged, PESgamage(sw)
e Fraction of PES rear wall damaged, PESgamage(w)

Substep 2

For each PES component, calculate the fraction PES intact following the explosives event,
PESintact; by

Fori=1to4
PES Component i:
l:)ESintact(i) =1- PESdamage(i) (31)
Next i,
Outputs of Substep 2:

e Fraction of PES roof intact, PESintact(roof)

e Fraction of PES front wall intact, PESintact(w)
e Fraction of PES side walls intact, PESintact(sw)
e Fraction of PES rear wall intact, PESintact(rw)

The following assumptions are made with respect to PES damage calculations:
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e No blast paneling or other venting/containment measures are considered except where an
earth-covered magazine (ECM) or hardened aircraft shelter (HAS) orientation is considered.

e Dimensions used in modeling the PES types in SAFER are presented in Table 7, PES
Assumptions.

Table 7. PES Assumptions

Pre-engineered metal building 72 36 12 31,104
Hollow Clay Tile 72 36 12 31,104
HAS 120 66 29 229,680
Large Concrete Arch ECM 80 25 12.5 25,000
Medium Concrete Arch ECM 60 25 12.5 18,750
Small Concrete Arch ECM 40 25 12,5 12,500
Large Steel Arch ECM 80 25 12.5 25,000
Medium Steel Arch ECM 60 25 12.5 18,750
Small Steel Arch ECM 40 25 12,5 12,500
Large AGBS 62.67 86.33 25 135,258
Medium AGBS 66.33 66.33 24.42 107,440
Small AGBS (Square) 48 48 16 36,864
Medium Concrete Building 66.33 66.33 24.42 107,440
Small Concrete Building 48 48 16 36,864
Ship (large) 200 45 67 603,000
Ship (medium) 150 45 67 452,250
Ship (small) 100 30 50 150,000
ISO Container 20 8 8.5 1,360

Rationale for the methodology used in this substep is detailed in Attachment 4.

Outputs of Step 6:

e Adjusted pressure (psi), P’

e Adjusted impulse (psi-ms), 1’

e Adjusted weight (lbs), W,

e Adjusted scaled distance (ft), Z

e Fraction of PES roof intact, PESintact(roof)

e Fraction of PES front wall intact, PESintact(w)

e Fraction of PES side walls intact, PESintact(sw)

e Fraction of PES rear wall intact, PESintact(w)

e Fraction of PES roof damaged, PESgdamage(roof)

e Fraction of PES front wall damaged, PESgamage(fw)
e Fraction of PES side walls damaged, PESgamage(sw)
e Fraction of PES rear wall damaged, PESgamage(w)
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4.2.3 STEP 7. Adjust P, I (due to ES).

In Step 7, SAFER calculates the final pressure, P” and final impulse, 17 values inside the ES.
Given the adjusted pressure, P/ and impulse, 1 outside of the PES as determined in Step 6,
another adjustment is made to determine the pressure and impulse inside the ES. If the situation
has exposed personnel in the open, this adjustment is not made because there is no structure to
reduce the pressure and impulse.

Inputs to Step 7:

ES building type [from Step 3]

Percentage of glass on the ES (%),Gp [from Step 3]
Floor area of the ES (ft?), FAgs [from Step 3]
Adjusted pressure (psi), P ’[from Step 6]

Adjusted impulse (psi-ms), 1”[from Step 6]
Adjusted weight (Ibs), W, [from Step 6]

The following 5 substeps describe this process.

area o Calculate Define Calculate

the average ressure .
volume g P reduction

ratio VAVR value RV level RL

function
- ave
Taé’ge;; 1 Eq 33, 34 Table 8 Eq 35

reduction venting

Calculate
P!’, |11
Eq 36, 37

Pressure and impulse reductions are determined from a pressure reduction function containing
two line segments as illustrated in Figure 4.
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Figure 4. Reduction Function

The two line segments are defined by the three points characterized in Table 8 Pressure
Reduction Function Parameters.

Table 8. Pressure Reduction Function Parameters

Glass Fraction Reduction Level

Point 1 0 Max Reduction
(from Table A-11)
Point 2 Glass Fraction for Average Protection RVave
(from Table A-11) (calculated using Eq. (33) or (34))
Point 3 Glass Fraction for Full Venting 0
(from Table A-11)
Substep 1
Calculate the vent area to building volume ratio, VAVR, by:
2.5%+G . 32
VAVR = g+(FAES * ES height) (32)

100
where ES height is taken from Table A-11, Pressure and Impulse Reduction Values due to Glass
Percentage.
Substep 2

Calculate the average reduction value, RV,e. If the VAVR is greater than 0.005, calculate the
average reduction value by:
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RV,,, = 0.3%W, %  pr=0% (33)
If the VAVR is less than 0.005, calculate the average reduction value by:
RV, = (0.3%W, %% % P'%%2) % (0.395 + 0.0568 * log,, (W, )) (34)

Substep 3

The RVq. calculated in Substep 2 is used to complete the definition of the 3 points of the
pressure reduction function in Table 8, Pressure Reduction Function Parameters.

Substep 4

The reduction level, RL, is dependent on the percentage of glass that is entered by the user. The
entered percentage of glass is compared to the average protection (shown in Table A-11,
Pressure and Impulse Reduction Values due to Glass Percentage) to determine which line
segment of the pressure reduction function (shown in Figure 4) is applicable. Then, using the line
segment defined in Table 8 and the calculated average reduction level, the equation of the line is
determined in the form:

G (35)
RL =| slope *—= |+ y —intercept
[ p 100) y p

Substep 5
This reduction level is used to calculate P 7and 1”,

Calculate final pressure, P by:

P’ = (1-RL)*P’ (36)
For “open” ES cases, P is set to the P” value from Step 6.
Calculate final impulse, 17 by:

I”=(@—RL)* 1’ (37)
For “open” ES cases, 1" is set to the I’ value from Step 6.

Rationale for the methodology used in this step is detailed in Attachment 4.

Outputs of Step 7:

e Final pressure (psi), P”
e Final impulse (psi-ms), 1”7

424 STEP 8: Assess Pf(o), Pmaji(o), Pmini(o)-

Step 8 completes the Pressure and Impulse Branch by determining the probability of fatality,
Pi©), probability of major injury, Pmaji), and probability of minor injury due to the effects of
pressure and impulse, Pminio). In determining the probability of fatality, major injury, and minor
injury, SAFER calculates three consequences:
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e Lung rupture

e Whole body displacement

e Skull fracture

Calculations in Step 8 are grouped in five parts. Step 8a performs additional pressure and
impulse calculations; Step 8b determines the probability of fatality and injury from lung rupture;
Step 8c determines the probability of fatality and injury from whole body displacement; Step 8d
determines the probability of fatality and injury from skull fracture; and Step 8e aggregates all

probabilities of fatality and injury to determine the overall probability of fatality and injury due
to the effects of pressure and impulse, Ps(), Pmaji(o), ad Pini(o)

There are three potential input conditions:

Condition 1: Situation with no PES or ES

e Unmodified pressure (psi), P [from Step 5]
e Unmodified impulse (psi-ms), | [from Step 5]

Condition 2: Situation includes a PES but no ES

e Adjusted pressure (psi), P “[from Step 6]
e Adjusted impulse (psi-ms), |/[from Step 6]
Condition 3: Situation includes an ES

e Final pressure (psi), P ”[from Step 7]
e Final impulse (psi-ms), | ”[from Step 7]

With the values of pressure and impulse known (from Step 5, 6, or 7), the human vulnerability
due to direct pressure and impulse effects is calculated.

SAFER considers the human vulnerability due to the effects of pressure and impulse to be a
function of lung rupture, whole body displacement, or skull fracture (or the combination of the
three). The probability of fatality due to lung rupture, body displacement, or skull fracture is
based on the probit functions originally published by the Netherlands Organization for Applied
Scientific Research TNO (Ref 9). Those functions determine the probability of fatality as a
function of incident pressure and impulse, the ambient atmospheric pressure, and an assumed
mass of the human body.

4.2.4.1 Step 8a: Pressure and Impulse Calculations

Prior to using the probit functions to determine the human vulnerability, SAFER must first
calculate reflected pressure, dynamic pressure, nominal pressure, scaled pressure, and scaled
impulse.
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Calculate

reflected
3 4
pressure Determine Calculate Calculate
Eq 38 ;
nominal scaled scaled
pressure pressure impulse
Calculate Eq 40, 41 Eq 42 Eq 43
dynamic
pressure
Eq 39
Substep 1
Calculate reflected pressure, Prefiected, DY:
4P+ (7T*P._..
Preflected = 2 * P” * ( " ) ( amblem) (38)
P + (7 * I:)ambient)
where the ambient pressure, Pampient 1S assumed to be 14.5 psi.
Substep 2
Calculate dynamic pressure, Pgynamic, bY:
2.5%P"?
denamic = ” (39)
(7 * Pambient + P )
where the ambient pressure, Pampient 1S assumed to be 14.5 psi.
Substep 3
If the ES in the situation is open, calculate the nominal pressure, Pnominal, bY:
I:>nominal = P” + denamic (40)
otherwise, calculate the nominal pressure, Prominal, bY:
2 * P” * ((4 * P”) + (7 * Pam ien ))
I:)nominal = Preflected :( " plent ) (41)
(P + (7 * Pambient))
Substep 4
Calculate the scaled pressure, Pscajed, bY:
(Pyynamic *6.895)
P — ynamic 42
scaled (Pambient * 0001) ( )
Substep 5
Calculate the scaled impulse, Iscaled, bY:
I g = 1"%0.005291 (43)

32



where I”” is from Step 7 and the constant is based on the conversion of pressure, time, and mass
to the appropriate English units.

The parameters calculated in Step 8a are used as inputs to the remainder of Step 8 equations for
calculating the probability of fatality or injury due to lung rupture, whole body displacement, and
skull fracture.

4.2.4.2 Step 8b: Lung Rupture

Step 8b determines the probability of fatality and major and minor injuries resulting from lung
rupture. This is accomplished by calculating the s and z parameters associated with a standard
normal curve used in the TNO probit functions. The TNO probit functions are based on the
standard normal distribution translated by subtracting 5 from the z value. However, SAFER uses
the standard normal distribution without translation.

2 Calul 3 4 5
Calculate Calculate alcu a}te Calculate Calculate
Py using

normal Pmaji(lr) Pmini(lr)

Eq 47
distribution Eq 46 a

Substep 1

To determine the probability of fatality due to lung rupture, Py, SAFER calculates s, by:

5, = 4.2 N 1.3 (44)
Pscaled I scaled
Substep 2
Using the calculated s;, SAFER calculates z;, by:
z, =-5.74*In(s, ) (45)
Substep 3

Given the value calculated for z,, SAFER determines Py by using a normal distribution where
Psany is equal to the area under the standard normal distribution to the left of the z value.
Substep 4

Using the pressure calculated from Step 7 (P’’), calculate the probability of a major injury from
lung rupture (Pmajiar). The relationship between the pressure and the probability of major injury
is estimated by curve-fitting actual data with the following linear function.

P - 0.01*P"-0.18 (46)

maji (Ir)
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Substep 5

Using the pressure calculated from Step 7 (P’’), calculate the probability of a minor injury from
lung rupture (Pminiary). The relationship between the pressure and the probability of minor injury
is estimated by curve-fitting actual data with the following linear function.

P =0.032*P"-0.046 (47)

mini(Ir)

The probability of major injury and minor injury is based on available models and literature, as
detailed Attachment 5.

4.2.4.3 Step 8c: Whole Body Displacement

Step 8c determines the probability of fatality, major injury, and minor injury resulting from
whole body displacement. As in Step 8b, this is accomplished by calculating the s and z
parameters associated with a standard normal distribution and the TNO probit functions.

1 2 3 4 5
Calculate
Calculate Calculate . Calculate Calculate
Pf(bd) using P P
maji(bd) mini(bd)

Eq 50 Eq51

S z
bd bd normal

Eq 48 Eq49 distribution

Substep 1

To determine the probability of fatality due to body displacement, Psyq), SAFER calculates Syq
by:

s, = 7280 N 1.3%10° (48)
(Prominar #6895)  ((Pgpinar * 6895)* (I "k 6-895))
where I”” is from Step 7.
Substep 2
Using the calculated syq, SAFER calculates z,q by:
2,y =—2.44%In(s,,) (49)
Substep 3

Given the value calculated for znq, SAFER determines Pspq) by using a normal distribution where
Prwa) 1S equal to the area under the standard normal distribution to the left of the z,4 value.

Substep 4

Given the value for probability of fatality due to whole body displacement (Psoq)), SAFER
determines the probability of a major injury from whole body displacement (Pmaji(od))-

Praiiody = 1—€XP(=7* P 4)) (50)
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Substep 5

Given the value for probability of major injury from whole body displacement (Pmajiwa)), SAFER
determines the probability of a minor injury from whole body displacement (Pminitd))-

Pmini (bd) = 1-exp(-7* Pmaji (bd)) (51)

The probability of major injury and minor injury is based on available models and literature, as
detailed Attachment 5.

4.2.4.4 Step 8d: Skull Fracture

Step 8d determines the probability of fatality, major injury, and minor injury resulting from skull
fracture. As in Steps 8b and 8c, this is accomplished by calculating the s and z parameters
associated with a standard normal distribution and the TNO probit functions.

1 2 3 4 5 6

Calculate Calculate Calculate Calculate Calculate Calculate

Py<q USIN
S z f(sf) g P Pmaji(sf) |:)mini(sf)

sf normal ()
Eq 53 distribution Table A-10 Eq 54 Eq 55

sf
Eq52

Substep 1
To determine the probability of fatality due to skull fracture, Pss, SAFER calculates ss by:
% 8

S = (Pnomiji%895) P 6:951)20 "+6.895)) (52)
Substep 2
Using the calculated s, SAFER calculates z by:

Z; =—-8.49%*In(sy) (53)
Substep 3

Given the value calculated for z; SAFER determines Pysr) by using a normal distribution where
Pin) IS equal to the area under the standard normal distribution to the left of the zs value.
Substep 4

To determine the probability of major injury due to skull fracture, SAFER calculates the
probability of skull fracture, P¢p. The probability of skull fracture uses the same hyperbolae
interpolation methodology from Section 4.3.1.2, Substep 1. The skull fracture hyperbolae
parameters are contained in Table A-10, Pressure / Impulse Coefficients for Py.

Substep 5

Given the value of probability of skull fracture, P, the probability of major injury due to skull
fracture, Pmajicsn), 1S determined.
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If P(Sf) <0.01

Then Pmaji(sf) =0.25xP (sf)

Else (54)
Pmaji(sf) =-1.34 x P(Sf)z + 2.09 x P(Sf) +0.25

End If

Substep 6

Given the probability of major injury due to skull fracture, Pmajiisr), Calculate the probability of a
minor injury from skull fracture (Pminisf).

If Pmaji(sf) <0.01

Then Prinih = 10 X P majest)

Else (55)
Prmini(sty = -1.34 X Prnajicsy> + 2.09 X Prugjicsty + 0.25

End If

The probability of major injury and minor injury is based on available models and literature, as
detailed Attachment 5.

4.2.4.5 Step 8e: Aggregation of Consequences

Given the probability of fatality for skull fracture, whole body displacement, and skull fracture,
calculate the probability of fatality due to the effects of pressure and impulse, Py, by:

Pro = Pran + (L= Pran )= Priy )+ (56)
((1_ Pf(.r))*(l— Pf(bd))* Pf(sf))
Calculate the probability of major injury due to the effects of pressure and impulse, Pmaji), DY:
Pric) = Praitrey (L= Prgiony ) * Prajcony ) + (57)
((1_ Pmaji(") )* (1_ Pmaji(bd) )* Pmaji(Sf))
Calculate the probability of fatality due to the effects of pressure and impulse, Pminio), bY:
Prinito) = Priniqry + ((1— Prini) ) * Prinicoa) )+ (58)
((1_ Pmini(lr) )* (1_ Pmini(bd) )* Pmini(sf))
Outputs of Step 8:
e Probability of fatality due to overpressure effects, P

e Probability of major injury due to overpressure effects, Pmaji(o)
e Probability of minor injury due to overpressure effects, Pmini(o)

4.3 Group 3 Steps: Structural Response Branch

Group 3 includes Steps 9-10 of the SAFER architecture. These steps analyze human
vulnerability from building collapse and glass hazards.

Step 9 considers the effect of six human vulnerability mechanisms by calculating the probability

of fatality, probability of major injury, and probability of minor injury due to window breakage,
and the probability of fatality, probability of major injury, and probability of minor injury due to
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building collapse. Given these outputs, Step 10 calculates the probability of fatality due to
overall building damage, Psw), the probability of major injury due to overall building damage,
Pmajiw), @nd the probability of minor injury due to overall building damage, Pmini()-

To enhance readability, selected reference tables of constants used in the Group 3 steps are
located in Appendix A.

4.3.1 STEP 9: Determine adjusted P, I effect on ES (building collapse and glass hazard).

Step 9 performs three functions in SAFER. In Step 9a, SAFER calculates the probability of
fatality due to window breakage, Pyg). Section 4.3.1.1 describes the procedures for this step. In
Step 9b, SAFER calculates the probability of fatality due to building collapse, Pspc). Section
4.3.1.2 describes the procedures for this step. In Step 9c, SAFER determines the damage to the
ES by calculating percentages of the ES roof and walls that remain intact following an
explosives event. Section 4.3.1.3 describes the procedures for this step.

Inputs to Step 9:

e ES building type [from Step 3]

e ES roof type [from Step 3]

e Type of glass on the ES [from Step 3]

e Distance between the PES and ES (ft), d [from Step 3]
e Percentage of glass on the ES (%), Gp [from Step 3]

e Floor area of the ES (ft?), FAgs [from Step 3]

e Adjusted pressure (psi), P ’[from Step 6]

e Adjusted impulse (psi-ms), I”[from Step 6]

e Adjusted weight (Ibs), W, [from Step 6]

e Adjusted scaled distance (ft), Z, [from Step 6]

4.3.1.1 Step 9a: Human vulnerability due to window breakage

This step determines the probability of fatality due to window breakage, Ps(), the probability of
major injury due to window breakage, Pmajig), and the probability of minor injury due to glass
breakage, Pminig). TO determine Prg), SAFER calculates the probability of a person being in the
glass hazard area followed by the probability of a major injury given that the person is in a glass
hazard area. Finally, SAFER determines the probability of fatality based on the probability of
major injury.
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Calculate Calculate Determine Determine
the Calculate Determine probability

F\)I:I)itne(;g@l probability erct:r?ta e the P ace) yield of major
h of a person P 9 Eq 61, adjustment injury given
azard floor being in th of glass Tabl Edq 62-66 |
area eing in the broken able q , glass
hazard area A-12 Table A-13 breakage

Eq 59 Eq 60 Table A-19 Eq 67-77

=
Determine Determine
probability probability
of major of minor
injury due to injury due to
glass glass
Eq 83 Eq 84

Determine Adjust Py, Determine
probability based on close-in
of fatality scaled fatality
due to glass distance value
Eq 78 Eq 79,80 Eq 81,82

Substep 1

To determine the probability of a person being in the glass hazard area, SAFER calculates
Potential Window Hazard Floor Area, PWHFA, by:

PWHFA = 22,5 ((FAES + aspect ratio)’? + (FA + aspect ratio)}/z) (59)

where the aspect ratio = 2 for all ES building types except modular/trailers. The aspect ratio = 3
for an ES building type of modular/trailers.

Substep 2
Calculate the probability of a person being in the glass hazard area, Pgna, by:
G PWHFA
P = P * 60
<100 ( FA J (60)

This equation simply represents the percentage of glass present multiplied by the ratio of the
glass hazard area to the total area.

Substep 3

The pressure and impulse at the ES (P “and 1) are used with stored Pressure-impulse diagrams to
determine the percentage of glass broken, % glass breakage (Attachment 6). This method uses P
and | coefficients from Table A-19, Pressure-impulse Coefficients — Glass Breakage, as
described in Section 4.3.1.2, Substep 1.

Substep 4

To determine the probability of a major injury given that the person is in a glass hazard area,
SAFER calculates the base probability of major injury, Ppase, by:

P... =M *(% glassbreakage)" (61)

base

where the coefficients M and N are provided in Table A-12, Power Curve Parameters for Major
Injury as a Function of Glass breakage, and are based on the type of glass on the ES.
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Substep 5

The base probability of major injury, Ppase, IS associated with a fixed yield; therefore, it must be
adjusted to the relative NEWQD experienced at the ES. A yield adjustment factor is calculated

by:

Yield adjustment = (A* R)+ B G (©**) (62)
where
R=In(Y,/Y,) (63)
1
S=(Y,/Y,)? (64)
Ya = W, (Ibs) from Step 6 (65)
Yn = nominal yield = 50,000 (lbs)
G =100/% glass breakage (66)

Coefficients A, B, and C are provided in Table A-13, Yield Adjustment Curve
Parameters, and are based on the type of glass on the ES.

Rationale for the yield adjustment curves and the associated parameters in this substep is detailed
in Attachment 6.

Substep 6

SAFER Version 3.0 takes higher-velocity glass fragments into account for annealed or dual pane
glass when the 100% glass breakage level is met or exceeded. For annealed and dual pane glass
with less than 100% glass breakage and for tempered glass regardless of percent glass breakage,
calculate the probability of a major injury given that the person is in the glass hazard area, Ppha,

by:
*Yield adjustment (67)

base

Py =P
For annealed glass with 100% glass breakage, calculate the Ppna as follows:
Calculate the impulse-adjusted probability of major injury, IA, by:

IA=(8.1216* Y %% )* LN(I' ) —(18.103* Y %% (68)

To ensure a smooth transition region at the 100% glass breakage level, a continuity correction is
introduced. Calculate the maximum continuity correction, CCpax, by:

CC,., =—0.337 +0.26* LN(Y, )—0.0103* (LN(Y, ))’ (69)
Calculate the transition point, TP, by:

TP =exp(1.1924 + 0.66148* LN(Y, ) —0.010167* (LN(Y ,))?) (70)
Calculate the actual continuity correction, CC,, by:

CC,=[(cC,, -1)/TP]*d+1 (71)
Calculate the probability of major injury, Ppna, by:
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P, = 1A% CC, (72)
For dual pane glass with 100% glass breakage, calculate the Py, as follows:

Calculate the impulse-adjusted probability of major injury, IA, by:

IA=(7.0757*Y 2% y* LN(I' )—(15.233*Y 200%0% ) (73)
Calculate the maximum continuity correction, CCray, by:

CC,. =-1.413+0.43* LN(Y, )—0.0171* (LN(Y, ))? (74)
Calculate the transition point, TP, by:

TP = exp(0.89573+0.73204* LN(Y, )—0.013288* (LN(Y ,))? (75)
Calculate the actual continuity correction, CC,, by:

CC, =[(CC,, —1)/TP]*d +1 (76)
Calculate the probability of major injury, Ppna, by:

P, = IA* CC, (77)
Rationale for the yield adjustment curves and the associated parameters in this substep is detailed
in Attachment 6.

Substep 7

SAFER uses the assumption that one glass fatality occurs per 30 major injuries. Therefore,
SAFER calculates the initial probability of fatality due to window breakage, Py, by:

1

fgi) = Pgha * Ppha *% (78)

P

Rationale for the methodology used in this substep is detailed in Attachment 6.

Substep 8
SAFER adjusts the P based on the scaled distance. The glass adjustment, G, is calculated by:
G =10.958-0.417*Z, (79)
Then, the probability of fatality due to window breakage is calculated by:
Pt =G *Prg (80)

Rationale for the methodology used in this substep is detailed in Attachment 6.

Substep 9

If necessary, SAFER determines the probability of fatality due to glass in the “close-in” or
transition region.

IfZa<R;

81
Pt(g) = Prgn (81)
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ElseIf Z,> R,

Pt(g) = Pt(g) (from Substep 9)

Else If Ri<Z,<R;

Pig) = P * Prg2 - [(Za = R1) / (Re= R)T* P
End If

where R1, Ry, Psg are provided in Table 9, Close-in Adjustment Parameters for Glass Fatality,
and are based on the type of glass on the ES. Then Py, is calculated by:

Pig2= (A + B x logio(Wa)) X (Gp/10%) x (5000/FAgs)™2 (82)

where A and B are provided in Table 9, Close-in Adjustment Parameters for Glass Fatality, Wj is
from Step 5 or 6, Gp is from Step 3, and FAgs is from Step 3.

Table 9. Close-in Adjustment Parameters for Glass Fatality

Window | P
Type A5

Annealed -0.00019264| 0.00051619 | 10%
Dual Pane 12 -0.00010599| 0.00078248 | 10%
Tempered 12 -0.00024899| 0.00014097 | 10%
Substep 10
SAFER calculates the probability of major injury due to window breakage, Pmaji(g), DY:
Praiita) = Prg) *30 (83)

Rationale for the methodology used in this substep is detailed in Attachment 5.

Substep 11
SAFER calculates the probability of minor injury due to window breakage, Pmini(g), bY:
Prini(g) = Pt (g) *500 (84)

4.3.1.2 Step 9b: Human vulnerability due to building collapse

This step determines the probability of fatality due to building collapse, Pspc), probability of
major injury due to building collapse, Pmajine), @and probability of minor injury due to building
collapse, Pmini(oe)-

2 3
Calculate the probability Determine

fatality due to building close-in
collapse using % ES damage fatality
and normal distribution Fig 6 value
& Table A-14 Eq 86,87

4 Determine

probability of

Determine
probability of
major injury minor injury

due to building due to building
collapse collapse
Eq 88 Eq 90

Determine
damage to ES

as illustrated in
Fig5

Substep 1

ES damage is determined using standard pressure and impulse diagrams of the form shown in
Figure 5 using the adjusted pressure, P and adjusted impulse, 1, from Step 6. Damage curves
are hyperbolae, which are defined by the standard equation for a hyperbola:
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C=(P-A)*(I -B) (85)
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Figure 5. P-i Diagram Example

There are 16 families of these curves, one for each ES (Ref 10). Table A-17, Pressure / Impulse
Coefficients — ES Building Percent Damage, provides the constants used to generate each family
of hyperbolae. The damage to the ES is determined in SAFER using an interpolation routine.
This interpolation results in the predicted ES building damage, PDy.

Substep 2

Then, using the PDy and the truncated normal distribution curves shown in Figure 6, the
probability of fatality as a function of structural damage, Pr(c), is found. The parameters defining
the truncated normal curves are shown in Table A-14, Structure Damage / Fatality Normal
Distribution Parameters.
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Figure 6. Building Collapse S-curves

Rationale for the methodology used in this substep is detailed in Attachment 7.

Substep 3

If appropriate, SAFER determines the probability of fatality due to building collapse in the
“close-in” or transition region.

If Z, <Ry

Pttoc) = P(be)1

ElseIf Z, >R,

Pf(bc) = Pf(bc) (from Substep 2) (86)
Else If Ri1<Z,<R,

Ptoe) = Prooys + Prwoy2 - [(Za — R1) / (Ro= R1)]** Prpoyt

End If

where Prpe)1 and P2 are provided in Table A-15, Close-in Adjustment Parameters for Pypc), R1
is provided in Table A-16, Close-in Adjustment Parameters for Building Collapse Region
Boundaries and R; is calculated by:

Ry= A+ ((BxW,)/(C+Wa)
If R2 > R2min

Then R, =R,

Else (87)
R2 = Romin

EndIf
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where A, B, C and Romin are provided in Table A-16, Close-in Adjustment Parameters for
Building Collapse Region Boundaries and W, is from Step 5 or 6.

Substep 4

SAFER calculates the probability of major injury due to building collapse, Pmajipe)- First a
nominal Pmajithe) IS calculated by:

Nom. Prmajie) = [(maj(i)PD — MINinjury) / (MAXinjury — maj(i)DO) X
PDb] - [(maj(i)PD x maj(i)DO) / (MAXinjury - maj(i)DO)]
where the PDy, is from Substep 1, major injury damage offset, maj;DO, and major injury plateau

damage, majPD, is from Table 10, Major and Minor Injury Parameters for Building Collapse.
MAXInjury is a constant set to 100% and MINInjury is a constant set to 0.

(88)

An adjusted probability of major injury due to building collapse is determined by:
Adj Pmaji(bc) =IFR x Pf(bc) (89)

where IFR is the injury to fatality ratio from Table 10, Major and Minor Injury Parameters for
Building Collapse. A comparison is made between the Nom. Pmajiee) and Adj. Pmajioe). The
variable with the highest value is assigned as the final Pmaji(oo)-

Table 10. Major and Minor Injury Parameters for Building Collapse

Injury
ES Type Damage Plateau Damage Plateau Fata[ity
offset damage offset damage Ratio
maj; DO maj;PD min;DO min;PD IFR
Small R/C (office building) 25 95 5 65 2.25
Large tilt-up R/IC 22 90 4.4 66 25
Large unreinforced masonry 20 75 4 73 3
Medium reinforced masonry 22.5 85 4.5 68 3
Small reinforced masonry 22.5 80 4.5 72 3.25
Small unreinforced brick 15 70 3 75 31
Medium metal structure 15 70 3 75 3.75
Small metal structure 15 65 3 72 4
Medium wood structure 175 65 35 81 35
Small wood structure 17,5 60 35 86 4
Modular/trailers 175 62.5 35 83 3.75
Medium R/C 23.5 85 4.7 68 2.75
Medium unreinforced masonry 20 80 4 70 3.05
Medium Metal Stud 15 725 3 73 35
High Bay Metal 15 75 3 80 3.25
Passenger Vehicle 215 60 55 88 4
Substep 5

Similar to the calculation of probability of major injury due to building collapse, the probability
of a minor injury from building collapse (Pminippe)) IS determined. First a nominal Ppinic) 1S
calculated by:

Nom. Pmini(bc) = [(PDb - min(i)DO) / (min(i)PD - min(i)DO)] x 100 (90)
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where the PDy is from Substep 1, minor injury damage offset, mingDO, and minor injury plateau
damage, mingPD, is from Table 10, Major and Minor Injury Parameters for Building Collapse.
An adjusted probability of major injury due to building collapse is determined by:

Adj Pmini(bc) = ”:R2 X Pf(bc) (91)

where IFR is the injury to fatality ratio from Table 10, Major and Minor Injury Parameters for
Building Collapse. A comparison is made between the Nom. Pminiee) @nd Adj. Pminippe). The
variable with the highest value is assigned as the final Ppinigc)-

4.3.1.3 Step 9c: ES Roof and Wall Damage

Determine ES L Calculate ES 2 Determine % ES 3

wall damage roof damage wall & roof intact
Eq 92 Table A-18 Eq 93, 94

The percentage of the ES remaining intact (roof and walls) is determined for use in Step 17.

Substep 1

The wall damage is set equal to the predicted building damage, PD, (from Section 4.3.1.2,
Substep 1).

%ESwaIIdamaged = PDb (92)

Substep 2

The roof damage, %ES oot damaged, USES the same hyperbolae interpolation methodology from
Section 4.3.1.2, Substep 1. The roof hyperbolae parameters are contained in Table A-18,
Pressure / Impulse Coefficients — ES Roof Damage.

Substep 3

The percentage of the walls and roof intact is the percentage not damaged, as shown by:
%Eswall intact — 100 - %Eswall damaged (93)
%ES roof intact — 100 - %ES roof damaged (94)

The development of the methodology for determining the percentage ES intact is detailed in
Attachment 7.

Outputs of Step 9:

e Probability of fatality due to window breakage, P

e Probability of major injury due to window breakage, Pmaji(g)
e Probability of minor due to window breakage, Pmini(g)

o Probability of fatality due to building collapse, Pspc)

e Probability of major injury due to building collapse, Pmaji(c)
e Probability of minor injury due to building collapse, Pmini(c)
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e Percentage of ES roof intact, %ESwa intact
e Percentage of ES walls intact, %ESoof intact

4.3.2 STEP 10: Assess Pf(b), Pmaji(b), Pmini(b).

Step 10 completes the Structural Response Branch by determining the probability of fatality due
to overall building damage, Psg), probability of major injury due to overall building damage,
Pmaiio) , probability of minor due to overall building damage, Pmini).-

Inputs to Step 10:

e Probability of fatality due to window breakage, Ps() [from Step 9]
e Probability of fatality due to building collapse, Psgc) [from Step 9]
e Probability of major injury due to window breakage, Pmaji(g) [from Step 9]
e Probability of major injury due to building collapse, Pmajiwe) [from Step 9]
e Probability of minor injury due to window breakage, Pmini¢g) [from Step 9]
e Probability of minor injury due to building collapse, Pminioc) [from Step 9]

Combine effects of
glass and building

collapse, Py,
]
Eq 95, 96, 97

majii(b)’ © mini(b)

Calculate the probability of fatalities due to overall building damage, Ps), by:

Proy =P () TIA=Prg)) * Pr oy ] (95)
Calculate the probability of major injury due to overall building damage, Pmaji(), DY:

Prviico) =P majic) 1€~ Proaicg)) * Praoey ] (96)
Calculate the probability of minor injury due to overall building damage, Pminiw), by:

Prinico) =P minic) & = Prinica)) * Priicocy ] (97)

Outputs of Step 10:

o Probability of fatality due to overall building damage, P,

e Probability of major injury due to overall building damage, Pmaji()
e Probability of minor injury due to overall building damage, Pinig)
4.4 Group 4 Steps: Debris Branch

Group 4 includes Steps 11-18 of the SAFER architecture. These steps determine the lethal
effects of flying debris.

SAFER considers three types of debris: primary debris, secondary debris, and ejecta. Primary
debris originates from the explosives item. Secondary debris originates from the PES. The PES
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roof, front wall, sidewalls, and rear wall are sources of secondary debris. Ejecta are debris
originating from the ground or foundation of the PES. The debris generated by the ES is
addressed in the building collapse portion of the model in Group 3, Steps 9-10, Structural
Response Branch.

All of the debris is characterized as a function of mass and kinetic energy (KE) in Steps 11-14.
Steps 11-13 describe the primary fragments and determine maximum throw ranges and mass of
the primary fragments that escape the PES. Step 14 describes the secondary fragments and ejecta
and determines maximum throw ranges and mass of these fragments.

Steps 15-18 characterize the debris arriving at the ES and then determine the ultimate effect. Step
15 defines a debris density as a function of distance from the PES using a bivariate-normal
distribution. Step 16 produces a combined KE table for all arriving fragments at the ES. Step 17
determines the arriving fragments that penetrate the ES and describes the KE of the fragments
after penetrating the ES roof and walls. Finally, Step 18 calculates the probability of fatality due
to debris, Pf(d).

To enhance readability, selected reference tables of constants used in the Group 4 steps are
located in Appendix A.

4.4.1 KE/Mass Bin Methodology

The goal of Steps 11-17 is to determine the KE for each bin of fragments at the location of the
exposed personnel. This permits the calculation of the probability of fatality due to debris as a
function of KE in Step 18.

To facilitate the characterization of debris KE, SAFER first defines ten bins in terms of KE,
which will be useful in Step 18. Each bin is %2 order of magnitude in width. SAFER then defines
the average mass that produces the KE midpoint for each bin, which allows for the creation of
ten corresponding mass bins.

Table 11, SAFER KE/Mass Bin Format, presents these ten bins. Table 11 also shows the
maximum and minimum KE values for each bin and the average mass of each departing
fragment associated with the KE bins.

Table 11. SAFER KE/Mass Bin Format

KE Min (ft-Ibs) 100k | 30k | 10k 3K 1k 300 | 100 30 10 3
KE Average (ft-Ibs) 173k | 54k 17k 5k 17k | 547 | 173 54 17 5
KE Max (ft-Ibs) >300k | 100k | 30k | 10k 3K 1k 300 | 100 30 10
Average FragmentMass | o2 | 149 | 34 | 266 | 113 | 0473 | 0199 | 0.0852 | 0.0379 | 0.0142
(steel) (Ibs)

Average FragmentMass | 70, | 395 | 134 | 561 | 2.38 1 042 | 018 | 008 | 003
(concrete) (Ibs)

4.4.2 STEP 11: Describe primary fragments.

Step 11 begins the characterization of the primary fragments by performing two functions in
SAFER. In Step 11a, SAFER determines the number of primary fragments distributed over ten
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mass bins. Section 4.4.2.1 describes the procedures for this step. In Step 11b, SAFER determines
the maximum throw range of the primary fragments. Section 4.4.2.2 describes the procedures for
this step.

Inputs to Step 11:

e Wy (Ibs), [from Step 4]

e Weapon type [from Step 1]

4.4.2.1 Step 11a: Primary Fragment Determination

Primary fragments result from the breakup of the explosives casing or packaging. The departing
primary fragments for the explosive event are determined in five substeps.

Mass Bins 1-10

4
2 3
Calculate the Calculate the Calculate the number of
Calculate the departing fragments to
number of percentage of number of weapons '
. weapons on the outer on the outer create mass bin table
E p98 surface of stack surface of the stack Eq 101,
Substep 1
Calculate the number of weapons, Ny, by:

N, = W,
"~ NEWQD of one weapon

(98)

where the NEWQD of one weapon is provided in Table 12, Primary Fragment Distribution by
Mass Bins.

Table 12. Primary Fragment Distribution by Mass Bins

Weapon Type Fragments Resulting from One Single Item

HEBREDDEAENENEN
MK82 192 0 0|0 0 7 | 49 226 746 1227 1738
MK83 445 0 010 0 0] 75 344 1134 1866 2643
MK84 945 0 0O [O0O]| 0] 1| 72| 33 | 1116 | 1835 2599
M107 15.1 0 010 0 0 4 34 165 372 667
Bulk/light case 1 0]J]0]07] 0 0 0 0 1 5 10
AIM-7 missile 35 0OJofoO|lO]O] O 3 155 30 12
M1 (105 mm) projectile 5 oloflo|lo]o]| 2] 2 99 224 401
MK2 (40 mm) 0.2 ofoJofofoO] O 4 19 44 79
Substep 2

Calculate the proportion of weapons on the outer surface of the stack, Npos, by:

N, =3.8474 N, ™" (99)
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Rationale for Eq. (99) is detailed in Attachment 8.

Substep 3
Calculate the number of weapons on the outer surface, Nyes, by:
Nuos =Ny, * N (100)

Note, if Nyos IS greater than Ny, then Ny is set equal to N,

Substep 4

SAFER next creates the departing primary fragment mass bin table. This table describes the
number of departing primary fragments from the PES. The number of fragments is based on the
weapon type, number of primary fragments, and number of weapons on the outer surface.
SAFER determines the number of departing primary fragments, Ny, for the mass bins of this
table by using the following algorithm:

Forn=11to0 10
Bin n: N =Total No. of primary fragments* N, *0.75 (101)
Next n,

where the Total No. of primary fragments is provided in Table 12, Primary Fragment
Distribution by Mass Bins. Rationale for Eq. (101) is detailed in Attachment 8.

4.4.2.2 Step 11b: Primary Fragment Maximum Throw Determination

In Step 11b, SAFER creates the primary maximum throw range table.

KE Bins 1-10 KE Bins 1-10
1 . . 2
Calculate Assign the highest Compare calculated
maximum throw maximum throw range throw range to highest
range (MT,) based on the weapon throw range. Use
Eq 102, type (MT,.,) calculated value if less
Table 11, 13 Table 12, 13 than highest maximum.
Substep 1
Calculate the maximum throw range, MT, by:
Forn=1to 10
Bin n: MT_ =300* IV ** * (average fragment mass)®* (102)
Nextn,

where the initial velocity, 1V, is provided in Table 13, Primary Fragment Initial Velocity and
Maximum Throw Values and the average fragment mass for steel fragments is found in Table 11,
SAFER KE/Mass Bin Format.
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Table 13. Primary Fragment Initial Velocity and Maximum Throw Values

Weapon Type IV (ft/s) MTs (ft) \ MT (ft)
MK82 5200 3177 3812
MK83 6100 3288 3946
MK84 4710 3882 4658
M107 3430 2577 3092
Bulk/light case 4000 1870 1870
AIM-7 missile 6500 2200 2640
M1 (105 mm) projectile 4100 1939 2327
MK2 (40 mm) 3600 1095 1314

Substep 2
Assign the highest maximum throw range, MTnax, based on the weapon type.

If W; > NEWQD of one weapon,

Then MTax = MTh
Else MTmax = MTs (103)

where NEWQD of one weapon is provided Table 12, Primary Fragment Distribution by Mass
Bins and the maximum throw for multiple weapons, MT,, and the maximum throw for a single
weapon, MTs, are provided in Table 13, Primary Fragment Initial Velocity and Maximum Throw
Values.

Substep 3

SAFER compares the calculated maximum throw, MT.;, to MTnax to determine the final
maximum throw values, Ry.

Forn=1to 10
Bin n: If MT> MTay,
Then Ry = MTmax
Else Ry = MT, (104)
Next n,

Outputs of Step 11:
e Departing primary fragment mass bin table

e Primary maximum throw range table
e Primary fragment initial velocity, IV

4.4.3 STEP 12: Calculate primary fragment containment by PES (post P, 1).

If the situation includes a PES structure, the components of the structure remaining after the
explosives event may block departing primary fragments. Step 12 calculates the fraction of
primary fragments blocked by the components of the PES structure (roof, front wall, side walls,
and rear wall).
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Inputs to Step 12:

e PES building type [from Step 2]

e Fraction of PES roof intact, PESintact(roor) [from Step 6]

e Fraction of PES front wall intact, PESintacttw) [from Step 6]
e Fraction of PES side walls intact, PESintact(sw) [from Step 6]
e Fraction of PES rear wall intact, PESinactqw) [from Step 6]

Calculate the fraction of primary fragments
contained by the PES roof
Eq 105, Tables 14, 15

Calculate the fraction of primary fragments Calculate the
contained by the PES front wall the fraction of
Eq 105, Tables 14, 15 primary

fragments
Calculate the fraction of primary fragments contained by

contained by the PES side walls the PES
Eq 105, Tables 14, 15 Eq 106

Calculate the fraction of primary fragments
contained by the PES rear wall
Eq 105, Tables 14, 15

For the four PES components (roof, front wall, side walls, and rear wall), calculate the fraction of
debris (primary fragments) contained by the PES, PESpc, by:

PES,. = PES

intact

* FB I:)ESfraction (105)

where PESiyac IS determined in Step 6 for each component, FB is the fragment blocking
coefficient provided in Table 14, Fragment Blocking Coefficients by PES Component, based on
the PES building type and PEStaciion IS the fraction of PES area by component provided in Table
15, Ratio of Area of each PES Component Total PES Surface Area, based on the PES building

type.
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Table 14. Fragment Blocking Coefficients by PES Component

PES Roof Front Wall Side Walls Rear Wall
Pre-engineered metal building 0.15 0.10 0.10 0.10
Large concrete arch ECM 0.8 0.6 0.9 0.9
Medium concrete arch ECM 0.8 0.6 0.9 0.9
Small concrete arch ECM 0.8 0.6 0.9 0.9
Large steel arch ECM 0.8 0.6 0.9 0.9
Medium steel arch ECM 0.8 0.6 0.9 0.9
Small steel arch ECM 0.8 0.6 0.9 0.9
Hardened aircraft shelter 0.8 0.6 0.8 0.9
Large aboveground brick structure 0.25 0.6 0.6 0.6
Medium aboveground brick structure 0.25 0.6 0.6 0.6
Small aboveground brick structure (square) 0.25 0.6 0.6 0.6
Medium concrete building 0.25 0.6 0.6 0.6
Small concrete building 0.25 0.6 0.6 0.6
Hollow clay tile 0.25 0.25 0.25 0.25
Ship (small) 0.2 0.2 0.2 0.2
Ship (medium) 0.2 0.2 0.2 0.2
Ship (large) 0.2 0.2 0.2 0.2
ISO Container 0.15 0.1 0.1 0.1

Table 15. Ratio of Area of each PES Component Total PES Surface Area

PES Fraction Area | Fraction Area | Fraction Area | Fraction Area

Roof Front Wall Side Walls Rear Wall

Pre-engineered metal building 0.5 0.0833 0.3333 0.0833
Large concrete arch ECM 0.4324 0.068 0.432 0.068
Medium concrete arch ECM 0.414 0.086 0.414 0.086
Small concrete arch ECM 0.381 0.119 0.381 0.119
Large steel arch ECM 0.432 0.068 0.432 0.068
Medium steel arch ECM 0.414 0.086 0.414 0.086
Small steel arch ECM 0.381 0.119 0.391 0.119
Hardened aircraft shelter 0.423 0.102 0.372 0.102
Large AGBS 0.421 0.168 0.244 0.168
Medium AGBS 0.404 0.149 0.298 0.149
Small AGBS (square) 0.429 0.143 0.286 0.143
Medium concrete building 0.404 0.149 0.298 0.149
Small concrete building 0.429 0.143 0.286 0.143
Hollow clay tile 0.5 0.08 0.33 0.08

Ship (large) 0.215 0.072 0.641 0.072
Ship (medium) 0.205 0.092 0.611 0.092
Ship (small) 0.188 0.094 0.625 0.094
ISO Container 0.2515 0.1302 0.4881 0.1302

Calculate total fraction of debris (primary fragments) contained by the PES, PEStotainc, bY:
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PEStoanc = z PES (106)

all components

Rationale for the methodology used in this step is detailed in Attachment 8.

Output of Step 12:

e Fraction of primary fragments contained by the PES, PEStotainc

4.4.4 STEP 13: Reduce number of primary fragments (due to PES).

Step 13 adjusts the departing primary fragment KE bin table to account for those fragments that
are contained by the PES.

Inputs to Step 13:

e Departing primary fragment mass bin table [from Step 11]
e Fraction of primary fragments contained by the PES, PEStotainc [from Step 12]

KE Bins 1-10

Calculate the number of
I primary fragments I

escaping PES
Eq 107

SAFER determines the number of primary fragments not contained by the PES, N %, for each bin
of the departing primary fragment KE bin table by using the following algorithm:

Forn=11t0 10
Bin n: N;f =N of *(1— PESt anc ) (107)
Next n,

where the Ny is the number of departing fragments, the value in each mass bin of the departing
primary fragment mass bin table. The adjusted table represents the number of primary fragments
escaping the (remains of the) PES.

Output of Step 13:

e Adjusted departing primary fragment mass bin table

4.45 STEP 14: Describe secondary fragments and crater ejecta.

Step 14 characterizes secondary fragments and ejecta by performing four functions in SAFER. In
Step 14a, SAFER determines the number of secondary fragments distributed over ten KE bins.
Section 4.4.5.1 describes the procedures for this step. In Step 14b, SAFER determines the
maximum throw range of the secondary fragments. Section 4.4.5.2 describes the procedures for
this step. In Step 14c, SAFER determines the number of ejecta fragments distributed over ten KE
bins. Section 4.4.5.3 describes the procedures for this step. In Step 14d, SAFER determines the
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maximum throw range of the ejecta fragments. Section 4.4.5.4 describes the procedures for this
step.

Inputs to Step 14:

e PES building type [from Step 2]

e Equivalent NEW (lbs), W, [from Step 4]

e Fraction of PES roof damaged, PESgamage(roor) [from Step 6]

e Fraction of PES front wall damaged, PESgamage(iw) [from Step 6]
e Fraction of PES side walls damaged, PESgamage(sw) [from Step 6]
e Fraction of PES rear wall damaged, PESgamage(rw) [from Step 6]

4.4.5.1 Step 14a: Secondary Fragment Determination

Secondary debris is defined as the debris resulting from the breakup of the PES. The departing
secondary debris is stored in mass bin tables that are converted into KE bin tables. A separate
table is created for each of the four PES components (roof, front wall, side walls, and rear wall).

The departing secondary debris is determined using four substeps.

3
Populate steel and
concrete mass bin tables
of departing secondary
fragments
Tables A20-A23, Eq 110

Determine 1 Adjust mass 2
amount of distribution

PES mass in based on the
the air yield

Tables A24- Table 16,

A27, Eq 108 Fig 7, Eq 109

Substep 1

For each PES component, the mass of the PES thrown is determined by comparing the
equivalent NEW to an initial breakout value (Yo) and a total destruction value (Yigp). If the
equivalent NEW is less than the initial breakout value, no PES mass is thrown; if the equivalent
NEW is greater than the total destruction value, all of the PES mass is thrown; and if the
equivalent NEW is between the two values, Eq. (108) is used.

For each of the four PES components, SAFER adjusts the PES mass thrown by using the
following algorithm:

Fori=1to4
PES Component i:
If W2 < Yo,
Then no PES mass is thrown
Else If Yo < W, < Yqqo,
Then
Mass of PES thrown = mass of PES component * PES

Else all PES mass is thrown,

(108)

damage (i)
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End If
Next i,

where W, is from Step 4, PESgamage iS calculated for each component in Step 6, Yo and Yigo for
each PES component are provided in the following tables: Table A-24, Roof — Secondary
Fragment Nominal Maximum Throw Range, Table A-25, Front Wall — Secondary Fragment
Nominal Maximum Throw Range, Table A-26, Side Wall — Secondary Fragment Nominal
Maximum Throw Range, and Table A-27, Rear Wall — Secondary Fragment Nominal Maximum
Throw Range and the mass of PES component by PES building type are provided in Table A-20,
Mass Distribution for PES Roof, Table A-21, Mass Distribution for PES Front Wall, Table A-22,
Mass Distribution for PES Side Walls, and Table A-23, Mass Distribution for PES Rear Wall.

Substep 2

The percentage of mass thrown per bin is determined by taking the nominal mass distribution
(from Substep 1) and adjusting it based on the yield. As the yield increases beyond the total
destruction value, the mass distribution percentages by bin are re-calculated. This method allows
the modeling of the phenomena that produces more, smaller pieces in larger explosive events.

The methodology for this recalculation is as follows:

The ratio (Yg) of the equivalent NEW (W) to the total destruction value (Y1q0) is determined
using Eqg. (109):
W
Y =2 109
" YlOO ( )
where the Yigo values are provided in Table A-6, Damage Coefficients for PES Roof, Table A-7,
Damage Coefficients for PES Front Wall, Table A-8, Damage Coefficients for PES Side Wall,
and Table A-9, Damage Coefficients for PES Rear Wall. Yg is compared to a stored parameter
(for each bin) that represents the initial reduction ratio, IRR, shown in Table 16, Initial Reduction
Ratios for Each Bin.

Table 16. Initial Reduction Ratios for Each Bin

RR | 1 | 64 | 720 | 4096 | 15625 | 46656 | 117649 | 262144 | 531441 | 1000000

If Yr > IRR for that bin, a reduction for that bin is calculated as shown in Figure 7. If Ygr < IRR,
no adjustment is made (to this or any subsequent bins).
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Figure 7. % Reduction by Bin

The reduced mass is redistributed evenly among the lower bins and then the process continues by
comparing Yr to the IRR value for the next bin.

Substep 3

Finally, SAFER creates departing secondary fragments mass bin tables. A unique table is created
for each type of material (concrete and steel) in each PES component. Therefore, a total of eight
departing secondary fragments mass bin tables are created from this procedure. The mass bin
tables are created by using the following algorithm to determine the number of secondary
fragments, Ng, in each bin:

Fori=1to4
Forj=1to2
PES Component i and Material j:
Forn=11t010
Bin n:
_ massof PES thrown * (% massinbin +100) (
N average fragment mass

N

% material +100) (110)

sf

Next n,
Next j,
Next i,

where mass of PES thrown is calculated in Substep 1, % mass in bin is calculated in Substep 2,
average fragment mass is found in Table 11, SAFER KE/Mass Bin Format, and the percentages
of material in each PES component, % material, are provided in the following tables: Table A-
20, Mass Distribution for PES Roof, Table A-21, Mass Distribution for PES Front Wall, Table
A-22, Mass Distribution for PES Side Walls, and Table A-23, Mass Distribution for PES Rear
Wall.
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Rationale for the methodology used in this Step 14a is detailed in Attachment 8.
4.4.5.2 Step 14b: Secondary Fragment Maximum Throw Determination

In Step 14b, SAFER creates a unique maximum throw range table for each type of material
(concrete and steel) in each PES component. Therefore, a total of eight tables are created in
Substep 14b. The maximum throw range for secondary fragments is accomplished in four
substeps.

PES component
Material Material

1 2 Calculate 4

Determine Calculate the initial

weight to velocity
volume ratio Table A-28, Eq 112
Tables A24- Compare calculated
A27,Eq111 IV to cutoff

maximum throw Compare calculated
for steel and maximum throw to
concrete maximum throw
fragments cutoff values
Eq 113, Table 17

Substep 1

For each of the four PES components, calculate the weight-to-volume ratio, W/V, by using the
following algorithm:

Fori=1to4
PES Component i: WV =W, /V (111)
Next i,

where the volumes of each PES component, V, by PES building type are provided in the
following tables: Table A-24, Roof — Secondary Fragment Nominal Maximum Throw Range;
Table A-25, Front Wall — Secondary Fragment Nominal Maximum Throw Range; Table A-26,
Side Wall — Secondary Fragment Nominal Maximum Throw Range; and Table A-27, Rear Wall
— Secondary Fragment Nominal Maximum Throw Range.

Substep 2

For each of the four PES components, an initial velocity is calculated, IV.. The calculated
velocity is compared to a maximum initial velocity value. If the calculated value is greater than
the maximum value, the maximum value is used. Alternatively, if the calculated value is less
than the maximum value, the calculated value is used. Calculate the initial velocity, 1V, for each
PES component as follows:

Fori=1to4
PES Component i:
IV, =a,, * (W, /V)™ (112)
If Ve > 1Vmax
Then 1V = IV
Else If IV < IV max
Then IV =1V,
Next i,
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where the constants a;, and expj, and the initial velocity maximum value, 1V, are provided for
each PES component in Table A-28, Secondary Fragment Initial Velocity.

Substep 3

Create a throw range table for concrete and steel fragments for each PES component. Calculate
the maximum throw range for the concrete fragments, MT,, and steel fragments, MTs, by:

Fori=1to4
PES Component i:
Forn=1to 10

Bin n: MT, =CP* IV ¥ *(average fragment mass (concrete))
MT, = SP* IV ¥ * (average fragment mass (steel))
Next n,
Next i,

where the average fragment mass is found in Table 11, SAFER KE/Mass Bin Format, and CP,
SP, E1, and E2 are found in Table 17, Secondary Maximum Throw Parameters.

(113)

Table 17. Secondary Maximum Throw Parameters

PES ‘ SP ‘ CP ‘ =¥ ’ E2
PEMB 236.2 127.4 0.304 0.264
Hollow Clay Tile 300 160 0.36 0.21
HAS 236.2 127.4 0.304 0.264
Large Concrete Arch ECM 300 160 0.36 0.21
Medium Concrete Arch ECM 300 160 0.36 0.21
Small Concrete Arch ECM 300 160 0.36 0.21
Large Steel Arch ECM 300 160 0.36 0.21
Medium Steel Arch ECM 300 160 0.36 0.21
Small Steel Arch ECM 300 160 0.36 0.21
Large AGBS 300 160 0.36 0.21
Medium AGBS 300 160 0.36 0.21
Small AGBS (Square) 300 160 0.36 0.21
Medium Concrete Building 300 160 0.36 0.21
Small Concrete Building 300 160 0.36 0.21
Ship (small) 236.2 127.4 0.304 0.264
Ship (medium) 236.2 127.4 0.304 0.264
Ship (large) 236.2 127.4 0.304 0.264
ISO Container 236.2 1274 0.304 0.264

Substep 4

SAFER compares the calculated maximum throws for concrete and steel, MT.and MTs, t0 MT pax
to determine the final maximum throw values for concrete and steel, Ry.

Fori=1to4
PES Component i:
For n = 1 to 10 (concrete maximum throw table)
Bin n: If MT¢> MTay,

58



Then Ry = MT ax
Else Ry = MT, (114)
Next n,
For n = 1 to 10 (steel maximum throw table)
Bin n: If MTs> MTax,
Then Ry = MTax
Else Ry = MT; (115)
Next n,
Next i,

where MTmax is provided for each PES by component in Table A-29, Secondary Fragment
Maximum Throw Cutoff Values.

4.45.3 Step 14c: Crater Ejecta Determination

Ejecta is debris originating from the ground or foundation of the PES. The departing ejecta
fragments are stored in a mass bin table that is converted into a KE bin table.

Characterization of the ejecta is based on the type of soil around the PES. Soil types considered
by SAFER are dependent on the PES building type. SAFER considers soil types of either rock or
hard clay or looser soils for PES building types of open, pre-engineered metal building, or
hollow clay tile. The looser soils option is for soil less densely packed than rock or hard clay and
would be expected to break up into smaller pieces. For all other PES types (excluding ship) the
default soil type is concrete. SAFER prompts the user to select an appropriate soil type as part of
the situation definition.

Based on these user inputs, crater ejecta is determined using two substeps.

Populate
departing crater

Calculate crater
ejecta mass

Table 18, Eq 116 ejecta mass table

Table 19, Eq 117

Substep 1
Calculate the mass of the crater ejecta thrown, Crater ejecta mass, by:

Crater ejectamass = Ax (W, )° (116)

where the crater mass coefficient, A, and the crater mass exponent, B, are provided in Table 18,
Soil Type Parameters, based on the soil type.

Table 18. Soil Type Parameters

A B g r
Rock or Hard Clay 104.0 1.04 1.0 75
Looser Soils 72.2 1.04 1.1 40
Concrete 2.7 1.16 0.5 50
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Substep 2

SAFER completes Step 14c by creating the departing crater ejecta fragment mass table. SAFER
determines the number of crater ejecta fragments, Nce, for the mass bins of this table by using the
following algorithm:

Forn=1to 10
o (Crater ejecta mass * fraction each bin)
Binn:N, = (117)
average fragment mass
Nextn,

where the fraction each bin is provided in Table 19, Fraction of Soil Thrown, by soil type and
the average fragment mass is found in Table 11, SAFER KE/Mass Bin Format.

Table 19. Fraction of Soil Thrown

Soil Type Bin1 Bin 2 Bin 3 Bin 4 Bin 5 Bin 6

El‘;‘;k orHard | 1666 | 00417 | 00417 | 00417 | 00417 | 00833 | 00833 | 00833 | 01667 | 025
Loosersoils | 0005 | 000125 | 000125 | 000125 | 0.00125 | 0.0025 | 00025 | 00025 | 056 | 0.4225
Concrete 0.05 0.05 0.05 0.05 0075 | 0075 | 0075 | 0075 0.1 0.4

4.4.5.4 Step 14d: Crater Ejecta Maximum Throw Range

In Step 14d, SAFER calculates the maximum throw range for crater ejecta.

Bins n-10 Bins n-10
pves ol 4
Calculate SSIgN nomina Adjust maximum Compare
Calculate ! maximum .
) nominal throw throw for subsequent maximum
crater radius . throw range to .
distance Y bins throw values to
Eq 118, Eq 119 KE bin with Eq 12 fval
Table 18 4149, largest q 120, cutoff value
Table 18 Table 20 (2500 ft)
fragments
Substep 1
Calculate the crater radius, Crater radius, by:
1
Crater radius = g *(W, )z (118)
where the crater radius coefficient, g (ft/Ib?), is provided in Table 18, Soil Type Parameters, by
soil type.
Substep 2
Calculate the nominal maximum throw range, Ry, by:
Ry = r*Crater radius (119)

where the crater ejecta range coefficient, r, is provided in Table 18, Soil Type Parameters, by
soil type.
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Substep 3

Create a maximum throw range table for crater ejecta by assigning the nominal maximum throw
range, Ry, to the lowest numbered bin that has fragments (first non-zero bin).

Substep 4

SAFER determines the maximum throw ranges, Ry, for the remaining bins of this table by using
the following algorithm:

k = bin number of first non-zero bin
Forn=k+1to10
Bin n: Ry = (Rw for bin n — 1) * throw value for bin n (120)
Next n,
where the ejecta throw values are provided in Table 20, Nominal Maximum Throw Values for
Ejecta.

Table 20. Nominal Maximum Throw Values for Ejecta

Material
Ejecta | 100 | 084 | 083 | 082 | 08 | 081 | 081 | 081 | 081 | 077

Substep 5

SAFER compares the calculated maximum throw ranges for each bin to 2,500 feet. If the
calculated maximum range is greater than 2,500 feet, the value is reset to 2,500 feet.

Rationale for the methodology used in Step 14d is detailed in Attachment 8.

Outputs of Step 14:

e 4 Departing secondary steel debris mass tables (one table for each PES component)

e 4 Departing secondary concrete debris mass tables (one table for each PES component)
e 4 Steel maximum throw tables (one table for each PES component)

e 4 Concrete maximum throw tables (one table for each PES component)

e Departing crater ejecta fragment mass table

e Maximum throw range table for crater ejecta

e Initial velocity for each PES component, IV

4.4.6 STEP 15: Define expected arriving debris tables.

Steps 11 — 14 characterized debris fragments departing the PES. These fragments must now be
translated from the donor to the target. Step 15 performs this task by creating arriving debris
mass tables.

Inputs to Step 15:

e PES building type [from Step 2]

e Orientation of the PES to the ES [from Step 3]

e Distance between the PES and ES (ft), d [from Step 3]
e 10 departing fragment mass bin tables
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— Adjusted departing primary fragment mass bin table [from Step 13]
— 4 Departing secondary steel debris mass tables [from Step 14]
— 4 Departing secondary concrete debris mass tables [from Step 14]
— Departing crater ejecta fragment mass table [from Step 14]
e 10 maximum throw tables
— Primary maximum throw range table [from Step 11]
— 4 Steel maximum throw tables [from Step 14]
— 4 Concrete maximum throw tables [from Step 14]
— Maximum throw range table for crater ejecta [from Step 14]

Translation of debris from departing to arriving fragments requires the calculation of debris
probability densities at the ES, P;, for primary, secondary, and crater debris.

Split the low- 2 Ponulat Determine 3
le Calculate opuiate number of fly-
angle. Calculate ) expected
fragments into ) debris o through
2 sigma " arriving
side-impact and probability fragments
Eq 127, . fragment
fly-through Table 20 density KE tables blocked by
fragments Eq 128,129 barricade

Eq 125, 126 Eq 130,131 Eq132-134

Calculate Calculate Calculate the
the fraction |f§ the fraction number of low-

of low- of high- angle and

angle angle high-angle
fragments fragments fragments

Eq 121 Eq 122 Eq 123,124

Before SAFER calculates the probability densities, SAFER partitions the number of fragments
departing the PES into high-angle and low-angle fragments. The low-angle fragments will
impact the ES walls and the high-angle fragments will impact the ES roof in Step 17. The
primary fragments are partitioned between high-angle and low-angle fragments in Substeps 1- 3.
SAFER assumes that all PES roof material (steel and concrete) and crater ejecta are high-angle
fragments. The steel and concrete from all other PES components (front wall, side walls, and rear
wall) are assumed to be low-angle fragments. All low-angle fragments are further partitioned
into side-impact and fly-through debris (Substep 4). After the fragments are partitioned into
high-angle and low-angle, and further partitioned into side-impact and fly-through fragments,
there will be 18 departing debris tables.

The sigma value, o, is a measure of the spread or dispersion of the fragments under consideration
and determined by using the maximum throw as an extreme value. For primary and secondary
debris, the extreme maximum throw is equal to 3o. For crater ejecta, the extreme maximum
throw is 4. These values are based on empirical data. Rationale for selecting these maximum
throw values is detailed in Attachment 8.

Values for P; are based on the maximum throw distances and the spatial distribution of these
fragments. SAFER assumes that arriving fragments follow a bivariate-normal distribution or
pseudo-trajectory normal distribution. Rationale for selecting these distributions is detailed in
Attachment 8.
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Substep 1

For all primary fragments, calculate the fraction of low-angle fragments, F_a, for each bin by
using the following algorithm:

Forj=1to0 10
Maximum throw table j:
Forn=11to0 10

Bin n: If 0 < Ry<0.167,
Then F , =-2.395R, +0.9

Else If 0.167 <Ra <1,
Then F,, =—-0.48R, +0.58

Else If1 <Ry <2,
Then F , =-0.1R, +0.2

Else If Ry > 2,
Then F, =0 (121)
Next n,
Next j,
where Ra is d/Rw.

Substep 2

For primary fragments, calculate the fraction of high-angle fragments, Fya, for each bin by using
the following algorithm:

Forj=1to 10
Maximum throw table j:
Forn=1t010
Binn: F,=1-F, (122)
Next n,
Next j,

The relationship of high-angle and low-angle fragments (as a function of Ra) is summarized in
Figure 8, High-angle and Low-angle Fragment Relationship.
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Figure 8. High-angle and Low-angle Fragment Relationship

The methodology and parameters associated with high- and low-angle fragments are described in
Attachment 8.

Substep 3

For the primary fragment mass tables, SAFER determines the number of high-angle fragments,
Npa, and low-angle fragments, Ny, in each bin. This procedure creates two debris tables: one
table for low-angle fragments and one table for high-angle fragments. To create the high-angle
fragment tables, SAFER calculates the number of high-angle fragments, Nya, for each bin by
using the following algorithm:

For n = 1to 10 (primary high-angle fragment table)
Binn: Ny, =N *F,, (123)
Next n,
where Ny is the number of fragments in the bin of the departing fragment mass table.
To create the low-angle fragment tables, SAFER calculates the number of low-angle fragments,
N_a, for each bin using the following algorithm:

For n =1to 10 (primary low-angle fragment table)
Binn: N, =Nj*F, (124)
Next n,
where Ny is the number of fragments in the bin of the departing fragment mass table.
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Substep 4

SAFER partitions the low-angle fragments into side-impact and fly-through fragments. The side-
impact fragments represent fragments that have reached terminal velocity and are falling when
they hit a wall of the exposed site. The fly-through fragments are not falling at terminal velocity
and are on their way up when they hit a wall of the exposed site. Note: The PES roof (steel and
concrete) and crater ejecta fragments are not partitioned into fly-through and side-impact
fragments; therefore, the low-angle partition applies to 7 out of the 10 fragment tables.

To create the fly-through and side-impact fragment tables, SAFER calculates the number of fly-
through fragments, Ngr, for each bin using the following algorithm:

Forj=1to7
Fly-through fragment table j:
Forn=1t1to0 10
Binn: N =N, *05 (125)
Next n,
Next j,
where Ny is the number of low-angle fragments for each bin.

To determine the number of side-impact fragments, Ns;, SAFER uses the following algorithm:

Forj=1to7
Side-impact fragment table j:
Forn=11to 10
Binn: Ng =N, — N (126)
Next n,
Next j,
where Nya is the number of low-angle fragments and Ngr is the number of fly-through fragments.
Substep 5

For all departing debris types described in the 10 maximum throw tables, calculate a sigma
value, o, for each bin by:
Forj=1to0 10
Maximum throw table j:
Forn=11to0 10
f xR,

o value of extreme data

Binn: o =

(127)

Next n,
Next j,

where Ry is the maximum throw range in each bin and the reduced debris throw factor, f, is
provided in Table 21, Reduced Debris Throw Factors, by PES building type and debris type, and

the o value of extreme data is assumed to be three for primary and secondary fragments and four
for crater ejecta fragments. For all other PES types f is equal to 1.0.
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Table 21. Reduced Debris Throw Factors (f)

Earth Covered Magazine Hardened Aircraft Shelter

QOrientation Front Side/Rear Front Side/Rear
Primary 1 1 1 1
Roof 1 1 1 1
Front wall 1 0.01 1 0.01
Side walls 0.1 1 0.1 1
Rear 0.001 1 0.0001 1
Crater ejecta 1 1 1 1
Substep 6

For all high-angle and side-impact departing debris types described in the 11 departing fragment
mass bin tables, calculate debris probability densities at the ES, P;, for each bin by using the
following algorithm:

Forj=1to11
Maximum throw table j:
Forn=1t1to0 10

—d2
. 1, e
Binn: P = xe 7 (128)
' (27202)
Next n,
Next j,

For all fly-through departing debris types described in the 7 departing fragment mass bin tables,
calculate debris probability densities at the ES, P;, for each bin using the following algorithm:

Forj=1to7
Maximum throw table j:
Forn=1t1to 10
d Y (1-(d/30¢7)°%)
. 1 ‘0-5*[*] 270"
Binn: P, = g O ok TR (129)
i27z‘o‘FT2 ’ £2ﬂd +7
Next n,
Next j,
where ot is equal to o72.

Substep 7

SAFER creates arriving debris mass tables. Calculate the number of expected arriving fragments
per square foot, Ng;, for the high-angle and side-impact fragments described in the 11 departing
fragment mass tables, as values for the mass bins of the arriving debris mass tables using the
following algorithm:

Forj=1to11
Arriving debris mass table j:
Forn=1to 10
Binn: N, =P, *No. of departing fragments (130)
Next n,
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Next j,

where No. of departing fragments is the number of fragments in the respective bins of each
departing fragment mass table.

Calculate the number of expected arriving fragments per square foot, Na;, for the fly-through
fragments described in the 7 departing fragment mass tables, as values for the mass bins of the
arriving debris mass tables using the following algorithm:

Forj=1to7
Arriving debris mass table j:
Forn=1t1to 10
Binn: N, =P, *No. of departing fragments (131)
Next n,

Substep 8: Barricade Reduction of Low Angle Fragments

In this substep, SAFER determines the percentage of arriving low angle fragments that would be
blocked by the presence of a fixed barricade of a given height and distance from the PES. The
computations in this substep are based on a number of assumptions:

e the trajectories of arriving low angle fragments can be modeled as straight lines

e all fragments leaving the PES at low angle are constrained to impinge on the ES if not
blocked by a barricade

o fragments that are dispersed from the wall of a PES depart within a fixed half angle from
the normal to the PES wall

o fragments are dispersed uniformly both with respect to height on the PES wall and with
respect to their angle of departure

The blocking routine considers fragments ejected from the wall in even increments of height up
to the height of the PES. Fragments are assumed to be ejected from the PES at angles between
the normal + (plus) the specified half angle and the normal — (minus) the specified half angle. At
each height increment, the routine tests to determine whether the +/- half angles from normal
impinge on the ES. If the full angular range (+/- the half angle) impinges on the ES, no
adjustment is necessary. If not, the routine rotates the range of departure angles to ensure that all
low angle fragments leaving the PES arrive at the ES.

At each height increment, a number of angles are computed as shown in Figure 9 (all are
measured from zenith). These angles are used for two purposes: first, to determine the shift
required to focus all low angle fragments onto the ES, and then to compute the percentage of the
possible ejection angles that would be blocked by the barricade. After the blocked percentage is
computed for each height increment, the percentage blocked is averaged over the entire height of
the PES to determine the barricade effectiveness at blocking low angle PES fragments. The
section below provides the equations used.
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SAFER calculates the percentage of fragments blocked by the barricade at varying heights until
the PES height, h1, is reached by:

Forh=0tohl
T3 = ACOS[ (h3-h) / sqrt(d + (h3-h)?) ]
B3 = ACOSJ -(h) / sqrt(d® + h?) ]
T2 = ACOS[ (h2 — h) / sqrt(d2? + (h2 - h)*) ]
If B3 < (90+ %2 angle)
Then upper = Maximum [(B3 -2 * % angle), T3]
Else upper = Maximum [(90 — %2 angle), T3]
If T3> (90 — Y angle)
Then lower = Minimum [(T3 + 2 * %2 angle), B3]
Else lower = Minimum [(90+ Y2 angle), B3]

(132)

total angle = lower — upper

blocked angle = Maximum [ O, (lower — Maximum [T2, upper])]

local reduction = Maximum [ 0, (blocked angle / total angle)]
Next h,

where h1l is the height of the PES provided in Table 7, PES Assumptions, h2 is the height of the
barricade [from Step 3], h3 is the height of the ES provided in Table A-11, Pressure and Impulse
Reduction Values due to Glass Percentage, h is the height increment under evaluation, d is the
distance between the PES and ES, d1 is the distance between the barricade and the ES [from Step
3], d2 is the distance between the barricade and the PES, T3 is the angle from h to the top of the
ES, B3 is the angle from h to the base of the ES, T2 is the angle from h to the top of the
barricade, upper is the upper projection of fragments from the PES to the ES, lower is the lower
projection angle of fragments from the PES to the ES, total angle is the span of angles at which
fragments are ejected, and local reduction is the fraction of fly-through fragments blocked at
height h. The local reduction value is stored for each value of h.
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SAFER calculates the total percentage of fragments blocked by the barricade, total reduction,
by:

z local reduction
numberof heightincrements

total reduction =

(133)

SAFER then reduces the number of fly-through fragments that have been blocked by the
barricade by:

Forj=1to7
Arriving debris mass table j:
Forn=11t010
Binn: N, =N, *totalreduction (134)
Next n,

where Ng is the number of fly-through fragments from Substep 7.

Rationale for the methodology used in this step and a comparison of SAFER predictions for
arriving debris to empirical test data is detailed in Attachment 8.

Outputs of Step 15:

e Arriving primary fragment high-angle mass bin table

e Arriving primary fragment side-impact mass bin table

e Arriving primary fragment fly-through mass bin table

e 2 Arriving secondary high-angle debris mass tables (roof)

e 6 Arriving secondary side-impact debris mass tables (front wall, side wall, rear wall)
e 6 Arriving secondary fly-through debris mass tables (front wall, side wall, rear wall)
e Arriving crater ejecta high-angle debris mass table

4.4.7 STEP 16: Determine final velocity of fly-through fragments.

Since the fly-through fragments are not falling at terminal velocity, a final velocity is determined
so the kinetic energy can be calculated and fragments placed in the appropriate kinetic energy
bins. Side-impact and high-angle fragments use terminal velocity as the final velocity; therefore,
those fragments are in the appropriate kinetic energy bin. Substeps 1-5 describe how SAFER
determines the final velocity of the fly-through fragments.

Inputs to Step 16:

e Primary fragment initial velocity, IV [from Step 11]
e Initial velocity for each PES component, IV [from Step 14]
e Arriving primary fragment fly-through mass bin table [from Step 15]

e 6 Arriving secondary fly-through debris mass tables (front wall, side wall, rear wall) [from
Step 15]
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Substep 1: Determine the initial velocity of the fly-through fragments

SAFER assigns the primary fragment IV determined in Step 11 from Table 13, Primary
Fragment Initial Velocity and Maximum Throw Values to the fly-through primary fragments and
assigns the secondary fragment initial velocities calculated in Eq. (112) in Step 14 to the fly-
through secondary fragments.

Substep 2: Determine the final velocity of fly-through fragments
The final velocity, FV, of the fly-through fragments is calculated by:

Forj=1to7
Fly-through fragment table j:
Forn=1t1to 10
Binn: FV = IV x(A* exp™@®) (135)
Next n,
Next j,

where A and B are provided in Table 22, Final Velocity Parameters and d is the distance between
the PES and ES.

Table 22. Final Velocity Parameters

. Steel Parameters Concrete Parameters
vessein T 5 | A | B |

1 0.99146 0.000312 0.97972 0.000653
2 0.97901 0.00039 0.96693 0.000837
3 0.96521 0.00049 0.96271 0.001105
4 0.95929 0.000663 0.95264 0.001448
5 0.94637 0.000979 0.92723 0.001838
6 0.89636 0.001218 0.90141 0.00238
7 0.899 0.001657 0.86595 0.003074
8 0.8168 0.002002 0.88862 0.004202
9 0.8171 0.002696 0.86728 0.005365
10 0.79687 0.003726 0.83715 0.007271

Substep 3: Compare final velocity to terminal velocity.

The final velocity calculated in Substep 2 is compared to the terminal velocity for the
corresponding bins by material type, where the terminal velocity is found in Table 23, Terminal
Velocity (ft/s). The greater of the two values is used to calculate the kinetic energy in Substep 4.
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Table 23. Terminal Velocity (ft/s)

Bnl Bin2 Bin3  Bin4 Bin5 Bin6 | Bin7 Bin8 Bin9 | Binl0
Steel 604.34 | 52237 | 452.89 | 3916 | 33035 | 2936 | 254.01 | 22049 | 19257 | 163.47
Concrete | 366.93 | 317.17 | 27498 | 237.76 | 206.04 | 17827 | 15422 | 13388 | 11692 | 99.25

The steel values are used when determining the terminal velocity of primary fragments.

Substep 4: Determine kinetic energy of fly-through fragments.

The fragment mass tables are translated to kinetic energy tables using the calculated kinetic
energy. The calculated kinetic energy determines which bin the fragments are assigned to.

SAFER calculates the Kinetic energy, KE, using the following algorithm:

Forj=1to7
Fly-through Kkinetic energy table j:
Forn=1t0 10
Binn: KE =0.5* (average fragment mass/32.2)* FV? (136)
Next n,
Next j,

where the average fragment mass by bin is found in Table 11, SAFER KE/Mass Bin Format. The
KE allows the creation of a kinetic energy table for each of the 7 fly-through fragment tables.

Substep 5: Create kinetic energy tables.

Using the kinetic energy calculated in Substep 4, the fragments are translated from mass bins to
kinetic energy bins using the following algorithm.

For j=1to 7 (KE table)
Forn=1to 10 (bin in KE table)
If minimum KE of bin n < KE < maximum KE of binn
Then add corresponding fragments to Bin n of fragment table
Else (137)
Check next n
End If
Next n,
Next j,

where the minimum and maximum KE for each bin is provided in Table 11, SAFER KE/Mass
Bin Format.

Outputs of Step 16:

e Arriving primary fragment fly-through KE bin table
e 6 Arriving secondary fly-through debris KE tables (front wall, side wall, rear wall)

4.4.8 STEP 17: Reduce debris due to ES

Step 17 determines the amount of debris that penetrates the ES. The debris was divided into
high-angle and low-angle debris in Step 15; in Step 17 the amount of debris that penetrates the
roof and walls is determined.
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SAFER first determines the amount of damage sustained by the walls and roof. This damage
impacts the ability of the fragments to penetrate the walls and roof. Damage is classified by
damage region. The damage region determines whether an adjustment is made to the amount of
kinetic energy that the walls and roof can withstand. There are three damage regions. In damage
region 1, the nominal KE values shown in Table 26 and Table 27 are used as the amount of KE
that can penetrate the roof and walls. In damage region 2, the walls and roof have sustained
greater damage so the nominal KE required to penetrate the structure is less and an adjustment is
made to the nominal KE. In damage region 3, the building has sustained even greater damage so
the nominal KE required to penetrate is adjusted lower and a percentage of the ES is assumed to
have *“voids” which allow debris to penetrate without obstruction.

This is accomplished in 5 substeps.

Inputs to Step 17:

e ES building type [from Step 3]
e ES roof type [from Step 3]
e Distance between the PES and ES (ft), d [from Step 3]
e Percentage of ES roof intact, %ES oot intact [from Step 9]
e Percentage of ES walls intact, %ESyaj intact [from Step 9]
e Percentage of ES roof damaged, %ESyoof damaged [from Step 9]
e Percentage of ES walls damaged, %ESyai damaged [from Step 9]
e 11 arriving fragment mass bin tables [all tables from Step 15]
— Arriving primary fragment high-angle mass bin table
— Arriving primary fragment side-impact mass bin table
— 2 Arriving secondary high-angle debris mass tables (roof)
— 6 Arriving secondary side-impact debris mass tables (front wall, side wall, rear wall)

— Arriving crater ejecta high-angle debris mass table
e Arriving primary fragment fly-through KE bin table [from Step 16]
e 6 Arriving secondary fly-through debris KE tables (front wall, side wall, rear wall) [from
Step 16]
Substep 1

SAFER determines the damage region, DR for the roof and walls. Table 24 and Table 25 show
the damage values for the roof and walls. The percentage of the ES roof and wall damaged is
compared to the values in Table 24 and Table 25 to determine which of the three damage regions
are applicable.
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If %Esroof damaged <LRD (138)
ThenDR =1
Else If LRD < %ESqof damaged < HRD
Then DR =2
Else DR =3
End If

where the values for LRD (low range damage) and HRD are provided in Table 24, Roof Damage
Ranges.

Similarly, the damage region is determined for the ES walls using Table 25, Wall Damage
Ranges.

Table 24. Roof Damage Ranges

Low Range Damage High Range Damage

ES Roof Types

LRD HRD
4" Reinforced Concrete 40 65
Reinforced Concrete (>12") 40 65
Plywood and Wood Joist 20 50
Gypsum/Fiberboard/Steel Joist 20 50
Wood Panelized 20 50
Lightweight Concrete/Steel Deck & Joists 30 50
Medium Steel Panel 15 30
Light Metal Deck 15 30
Steel (automobile) 15 30

Table 25. Wall Damage Ranges

Low Range Damage High Range

ES Wall Types LRD Damage
HRD
Steel Stud 15 25
Corrugated Steel 15 25
Unreinforced Masonry 15 25
8" Reinforced Masonry 25 50
8" Reinforced Concrete 25 50
Reinforced concrete (>12") 25 50
6" Reinforced Concrete Tilt-up 25 50
Wood Stud 15 25
Steel (automobile doors) 25 35
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Substep 2

SAFER determines the KE adjustment, KE,, for the roof and walls based on the damage region
by:

If DR=1 (139)

Then KE, = AKE,

Else If DR =2

Then KEa = AKER * %ESroof intact

Else If DR =3

Then KE; = AKE;, * %ESroof intact

End If

where AKE, values are provided in Table 26, Roof Protection Parameters and Table 27, Wall
Protection Parameters. Note that if the damage region is three, then a void is created and a
percentage of fragments will pass through the ES without obstruction (the kinetic energy value
that the walls and roof will withstand is zero).

Table 26. Roof Protection Parameters

% Invulnerable area (Nominal) | KE absorbed by roof

ES Roof Types 1A o0f (ft-lbs)
AKEn
4" Reinforced Concrete 10 10,000
Reinforced Concrete (14") 15 200,000
Plywood and Wood Joist 5 300
Gypsum/Fiberboard/Steel Joist 5 200
Wood Panelized 5 600
2" Lightweight Concrete/Steel Deck & Joists 7.5 2,000
Medium Steel Panel (18 gauge) 7.5 1,000
Light Metal Deck (22 gauge) 7.5 500
Steel (automobile) 2.5 200

Table 27. Wall Protection Parameters

. KE absorbed by wall
0
ES Wall Types % Invulnerak;lg area (Nominal) (ft-Ibs)
wall AKEn
Steel Stud 2 500
Corrugated Steel 2 500
Unreinforced Masonry 2 4,500
8" Reinforced Masonry 2 15,000
8" Reinforced Concrete 2 50,000
Reinforced concrete (>12") 2 200,000
6" Reinforced Concrete Tilt-up 2 37,500
Wood Stud 2 200
Steel (automobile doors) 4 1000
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Substep 3

Each of the roof and wall types includes a percentage invulnerable area. The invulnerable area is
assumed to totally block arriving fragments from any and all KE bins. The invulnerable area
varies proportionally to the percentage of the ES that is intact; the nominal values (1Aroof, 1A wair)
are shown in Table 26, Roof Protection Parameters, and Table 27, Wall Protection Parameters.

The adjusted invulnerable area for the ES roof, AIAR, is calculated by:
AIAR = IAYoof * %Esroof intact (140)

The 4 high-angle arriving fragment tables are then adjusted by AIAR.

Forj=1to4
High-angle fragment table j:
Forn=1to 10
Binn: N,, =N, *(1-AIAR) (141)
Next n,
Next j,

Next, the number of fragments that will be blocked by the roof, NHA, is calculated by:

IfDR=10r DR =2 (142)
Then NHA = NHa

Else If DR =3

Then NHA = Nua * %ESroof intact

End If

If the damage region is three, it is assumed that a number of fragments are unimpeded by the
structure, so an adjustment is made to remove these unimpeded fragments from the number of
fragments that will be impeded by the roof. The unimpeded fragments are added back to the
number of fragments that penetrate the roof in Substep 4.

Similarly, the adjusted invulnerable area for the ES wall, AIAW, is calculated by:
AIAW = I'A\Nall >l<O/OESwallimact (143)

The 14 low-angle arriving fragment tables are then adjusted by AIAW.

Forj=1to7
Side-impact fragment table j:
Forn=1t1to0 10
Binn: Ny =N *(1-AIAW) (144)
Next n,
Next j,
Forj=1to7
Fly-through fragment table j:
Forn=1t1to 10
Binn: N =N *(1-AIAW) (145)
Next n,
Next j,
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Next the number of side-impact fragments that will be blocked by the wall, NSI, is calculated by:

IfDR=10rDR=2 (146)
Then NSI = Ng; — (1-%glass)

Else If DR =3

NSI = [Ng; — (1-%glass)] ** %ESwai intact

End If

Next the number of fly-through fragments that will be blocked by the wall, NFT, is calculated
by:
IfDR=10orDR=2 (147)
Then NFT = Ngr — (1-%glass)
Else fDR=3
NFT = [Ngr — (1-%glass)] ** %ESwai intact
End If

It is assumed that the windows will not provide protection from debris, so the number of side-
impact and fly-through fragments that can pass through the windows are taken out of the blocked
fragment count. The number of side-impact and fly-through fragments taken out is based on the
percentage of windows on the ES. These fragments are added back to the number of fragments
that penetrate the walls in Substep 4. If the damage region is three, it is assumed that a number of
fragments are unimpeded by the structure, so an adjustment is made to remove these unimpeded
fragments from the number of fragments that will be impeded by the walls. The unimpeded
fragments are added back to the number of fragments that penetrate the wall in Substep 4.

Substep 4

SAFER creates 18 penetrating debris tables that describe the outcome of fragment impacts on the
ES. This procedure determines if fragments are able to penetrate the ES and for those that do
penetrate, it determines if the resultant KE causes the fragment to shift to a lower KE bin or
remain in the current KE bin.

For all debris types described in the 4 high-angle fragment tables, SAFER calculates the
resulting kinetic energy, KEg, following impact with the roof. SAFER then determines
penetrating fragments and their resulting KE by using the following algorithm:

Forj=1t010
High-angle fragment table j:
Forn=1to0 10
Bin n: KEg = Average KE of bin n — KE absorbed by ES roof (148)
If KEg <0,
Then the ES roof stopped fragment penetration for bin n

Else If KEr > lower KE limit of bin n,
Then the fragment penetrates the roof and remains in current KE bin

Else If KEg < lower KE limit of bin n
Then the fragment penetrates the roof but shifts to a lower KE bin
Next n,
Next j,
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where the average (logarithmic) and lower KE limit of bin n is provided in Table 11, SAFER
KE/Mass Bin Format, and the KE absorbed by the ES roof is provided in Table 26, Roof
Protection Parameters.

Note, if the damage region is three then the unimpeded fragments are added back to the High-
angle fragment tables in the appropriate KE bin.

For all debris types described in the 14 low-angle fragment tables, SAFER calculates the
resulting kinetic energy, KEg, following impact with an ES wall. SAFER then determines
penetrating fragments and their resulting KE by using the following algorithm:

Forj=1to7
Side-impact fragment table j:
Forn=11t010
Bin n: KEg = Average KE of bin n — KE absorbed by ES wall (149)
If KEr <0,
Then an ES wall stopped fragment penetration for bin n
Else If KEg > lower KE limit of bin n,
Then the fragment penetrates an ES wall and remains in current KE bin
Else If KEg < lower KE limit of bin n
Then the fragment penetrates an ES wall but shifts to a lower KE bin
Next n,
Next j,
Forj=1to7
Fly-through fragment table j:
Forn=11t010
Bin n: KEgr = Average KE of bin n — KE absorbed by ES wall (150)
If KEr <0,
Then an ES wall stopped fragment penetration for bin n
Else If KEg > lower KE limit of bin n,
Then the fragment penetrates an ES wall and remains in current KE bin
Else If KEg < lower KE limit of bin n
Then the fragment penetrates an ES wall but shifts to a lower KE bin
Next n,
Next j,

where the average (logarithmic) and lower KE limit of bin n is provided in Table 11, SAFER
KE/Mass Bin Format, and the KE absorbed by the ES wall is provided in Table 27, Wall
Protection Parameters.

The percentage of fragments that passed through the windows are added back to the low-angle
fragment tables in the appropriate KE bin. If the damage region is three, then the unimpeded
fragments are also added back to the appropriate KE bin.

Rationale for the methodology used in this Substep is detailed in Attachment 8.
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Substep 5

SAFER sums the number of side-impact and fly-through fragments into one low-angle table for
primary, secondary, and crater ejecta fragments.

Forj=1to7
Low-angle fragment table j:
Forn=1t1to0 10

Binn: N, =NSI+NFT (151)

Next n,
Next j,

Outputs of Step 17:

e 11 penetrating debris tables
— 2 high-angle fragment debris tables (primary, crater ejecta)
— 1 high-angle fragment steel debris table (roof)
— 1 high-angle fragment concrete debris table (roof)
— 1 low-angle fragment debris table (primary)
— 3 low-angle fragment steel debris tables (primary, front wall, side wall, rear wall)
— 3 low-angle fragment concrete debris tables (primary, front wall, side wall, rear wall)

449 STEP 18: Assess Pf(d), Pmaji(d), Pmini(d)-

Step 18 completes the Debris Branch by determining the human vulnerability from debris. All
debris is defined in terms of the kinetic energy (KE) of penetrating fragments. SAFER estimates
fatality, major injury, and minor injury as a function of KE. SAFER considers the penetrating
fragment description, the vulnerable area of an exposed human, the probability of lethality, major
injury, or minor injury given a fragment hit, and the probability of a hit. The vulnerable area of
the exposed human is assumed to be 3.0 ft* as defined by RCC Standard 321 (Ref 7). The
lethality value is a function of kinetic energy.

Inputs to Step 18:

e 11 penetrating debris tables [from Step 17]
— 2 high-angle fragment debris tables (primary, crater ejecta)
— 1 high-angle fragment steel debris table (roof)
— 1 high-angle fragment concrete debris table (roof)
— 1 low-angle fragment debris table (primary)
— 3 low-angle fragment steel debris tables (primary, front wall, side wall, rear wall)
— 3 low-angle fragment concrete debris tables (primary, front wall, side wall, rear wall)

Step 18 is accomplished in 6 substeps.
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Substep 1

For the four high-angle penetrating debris tables, SAFER creates one combined high-angle
penetrating debris table by summing the number of high-angle fragments, Npa, across
corresponding bins in each of the 4 high-angle penetrating debris tables. Calculate the total
quantity of high-angle fragments, N na, in each bin of the combined table by using the following
algorithm:

Forj=1to4
High-angle penetrating debris table j:
Forn=1t1to0 10
N"ha = N"ha + Nia in bin n of high-angle debris tables j (152)
Next n,
Next j,

The result of this procedure is a combined high-angle penetrating debris table.

Similarly, SAFER creates one combined low-angle penetrating debris table from the seven low-
angle debris tables. Calculate the total quantity of low-angle fragments, N |4, in each bin of the
combined table by using the following algorithm:

Forj=1to7
Low-angle penetrating debris table j:
Forn=1t1to0 10
N"La = N"La + Nia in bin n of low-angle debris tables j (153)
Next n,
Next j,

The result of this procedure is a combined low-angle penetrating debris table.

Substep 2

SAFER calculates a probability of hit for each bin of the combined high-angle and combined
low-angle tables. A unique probability of hit is calculated for the three consequences of fatality,
Phitd), major injury, Phiymaji)y @nd minor injury, Phigmini). These are stored in a Ph table for each
consequence.

Calculate the probability of hit, Pni;, for each bin of the high-angle combined table by using the
following algorithm:

For ¢ = 1 to 3 (for each consequence — fatality, major injury, minor injury)
For n =1 to 10 of combined high-angle penetrating debris table:
Ph't — 1_ e—(CAXN*HA) (154)

Next n,
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Next c,

where N"a is from Substep 1 and CA is the concern area provided in Table 28, Fatality Concern
Area, Table 29, Major Injury Concern Area, and Table 30, Minor Injury Concern Area. Note
that the concern area for major injury and minor injury considers whether the person is in the
open or inside a structure.

Similarly, the Py, for each bin of the low-angle combined table is calculated using the same
methodology where N 4 is from Substep 1 and CA is provided in Table 28-Table 30.

For ¢ = 1 to 3 (for each consequence — fatality, major injury, minor injury)
For n =1 to 10 of combined low-angle penetrating debris table:
P, =1- e—(CAxN*HA) (155)

Next n,
Next c,

where Npa is from Substep 1 and CA is the concern area provided in Table 28-Table 30. Note
that the concern area for major injury and minor injury considers whether the person is in an ES
that is open or a structure.

Table 28. Fatality Concern Area

Bin Number

All 3 3 3 3 3 3 3 3 3 3

Open 5 4.78 4.56 4.33 4.11 3.89 3.67 3.44 3.22 3

Structure 7.5 7 6.5 6 55 5 4.5 4 35 3

Table 30. Minor Injury Concern Area

Bin Number
ES Type 1 2 3 4 5 6 7 8 9 10
Open 10 9.22 8.44 7.67 6.89 6.11 5.33 4.56 3.78 3
Structure 15 13.67 12.33 11 9.67 8.33 7 5.67 4.33 3

The result of this procedure is six probability of hit tables. Three probability of hit tables are
defined for the 10 KE bins of a combined high-angle penetrating debris table. Three probability
of hit tables are defined for the 10 bins of a combined low-angle penetrating debris table.

Substep 3

Calculate the probability of fatality due to debris, Psq), probability of major injury due to debris,
Pmaii@), and probability of minor injury due to debris, Pmini@) for each bin in the two combined
penetrating debris tables by using the following algorithm:
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Forj=1to2
Combined penetrating debris table j:
Forn=1to0 10
Bin n: Py = CA* lethality value * N" for bin n* Py for bin n (156)
Bin n: Praji) = CA * major injury value * N for bin n * Phiymaiy for bin n
Bin n: Prinigy = CA * minor injury value * N” for bin n * Phigginiy for bin n
Next n,
Next j,

where CA is the concern areas provided in Table 28-Table 30 and N" is the total quantity of
fragments (N"pa or N LA) and Py is the probability of hit for each bin under consideration and the
lethality value, major injury value, and minor injury value is determined by the lethality curve
presented in Figure 10, Pye vs. KE. Figure 10 is included for reference. It shows the probability
of fatality as a function of the KE as distributed among the KE bins. The lethality/injury values
used by SAFER for fatality, major injury, and minor injury by bin are provided in Table 31,
Debris Vulnerability Values.
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Figure 10.  Pge vs. KE
Table 31. Debris Lethality/Injury Values
Bin Number
Vulnerability 1 2 3 4 5 6 7 8 9 10
Fatality 1 1 1 1 1 1 0.9 0.25 0.02 1E-10
Major Injury 1 1 1 1 1 1 0.98 05 0.1 1E-04
Minor Injury 1 1 1 1 1 1 1 0.97 0.75 0.22
Substep 4

Using the additive rule for the union of non-mutually exclusive events, calculate a total
probability of fatality due to debris from the combined high-angle penetrating debris table,
Pi@high-angle- Calculate a total probability of fatality due to debris from the combined low-angle
penetrating debris table, Ps)iow-angle. FOr example, Prg)iow-angle 1S calculated by:

Pt(d)low-angle = Praypint + (Preybin2) (1 - Prcaybinz) + (Preybinz)(1 - Prcaybin1) (1 - Praypin2)) + - (157)
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Similarly, the total probability of major injury and minor injury from high-angle debris and low
angle debris is calculated.

Substep 5

Determine if SAFER is in the “close-in” region. For the debris branch, the “close-in” region is
determined based on the crater radius. The crater radius is calculated in Step 14. If the distance
between the PES and ES is less than twice the crater radius then the probability of fatality,
probability of major injury, and probability of minor injury due to debris is set to 1.0; otherwise
the vulnerability values are the values calculated in Eq. (157).

Substep 6

Finally, SAFER calculates the overall probability of fatality due to debris, Psq), by summing the
high-angle and low-angle probabilities of fatalities using the additive rule for the union of non-
mutually exclusive events. Solve for P by:

Pf (d) = Pf (d)low—angle + (1_ Pf (d)low—angle)Pf (d)high—angle (158)

Pr@) represents the probability a person has of being struck and killed by an incoming fragment.
Similarly, SAFER calculates the overall probability of major injury due to debris, Pmaji), and the
probability of minor injury due to debris, Pinic)-

Rationale for the methodology used in this step is detailed in Attachment 8.

Outputs of Step 18:

e Probability of fatality due to debris, Psq)
e Probability of major injury due to debris, Pmaji(q)
e Probability of minor injury due to debris, Pmini()

4.5 Group 5 Steps: Thermal Branch

Group 5 includes Steps 19-22 of the SAFER architecture. These steps contribute to effects
analysis by determining the effect of the fatality mechanism heat.

SAFER considers the effects and probability of fatality due to heat if the situation includes a HD
1.3 event. In this situation, SAFER does not consider the other fatality mechanisms (pressure and
impulse, structural response, and debris) due to the lack of a blast wave being formed by a HD
1.3 event.

Step 19 determines a thermal hazard factor based on the yield and distance between the PES and
the ES. Step 20 determines an adjusted thermal hazard factor due to the presence of the PES.
Step 21 determines a thermal blocking factor that describes the thermal protection provided by
the ES to personnel. Finally, Step 22 calculates the probability of fatality due to thermal effects,

45.1 STEP 19: Determine nominal thermal hazard factor.

Step 19 determines a thermal hazard factor based on the yield and distance between the PES and
the ES.
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Inputs to Step 19:
e Yield of the event (Ibs), W1 [from Step 4]
e Distance between the PES and ES (ft), d [from Step 3]

Calculate
nominal thermal

hazard factor
(Z) Eq 159

The nominal thermal hazard factor, Z;, is determined by using the entered amount of HD 1.3
material.
d
L= (159)
W;s

Note that Z; is identical to the hazard factor, Z, found in Step 5. The unmodified value of
temperature is not expressly considered.

Output of Step 19:

e Thermal hazard factor, Z;

4.5.2 STEP 20: Adjust thermal hazard factor (due to PES).

Step 20 determines an adjusted thermal hazard factor due to the presence of the PES.

Inputs to Step 20:

e Distance between the PES and ES (ft), d [from Step 3]
e Adjusted weight (Ibs), W, [from Step 6]

Calculate
adjusted

thermal hazard
factor (Z,,)
Eq 160,161

Calculate the adjusted thermal hazard factor, Z,, by:

d
Z, =
a 160
t Wa% (160)

If there is no PES, or the PES type is a pre-engineered metal building or hollow clay tile,
Z.=12 (161)

Note that Zi, is identical to the adjusted hazard factor, Z,, found in Step 6. The adjusted value of
temperature is not expressly considered.
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Rationale for the methodology used in this step is detailed in Attachment 1.

Output of Step 20:

e Adjusted thermal hazard factor, Z,

45.3 STEP 21: Determine ES protection.

Step 21 determines a thermal blocking factor that describes the thermal protection provided by
the ES to personnel within. This blocking factor considers the ES building type and the amount
of windows (glass) in the structure.

Inputs to Step 21:

e ES building type [from Step 3]
e Percentage of glass on the ES (%), Gp [from Step 3]

Calculate thermal
blocking factor

(TBF)
Eq 162,
Table 32

Calculate the adjusted thermal blocking factor, TBF, by:
100-G,
100

where TBPy is the thermal blocking factor based on the ES building type and is provided in
Table 32, Nominal Thermal Blocking Factors.

Thermal blocking factor = TBF =TBF, * (162)
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Table 32. Nominal Thermal Blocking Factors

ES Building Type Thermal Blocking Factor (TBF,)
Reinforced concrete 1.0
Tilt-up reinforced concrete 1.0
Reinforced concrete and reinforced masonry 1.0
Steel and masonry 1.0
Reinforced masonry 1.0
Brick 1.0
Light steel frame 0.2
Large/heavy timber 0.2
Timber 0.2
Light steel frame 0.2
Modular/trailers 0.2
RC offices/apartments (multi-story) 1.0
Reinforced concrete and masonry offices/apartments (multi-story) 1.0
Steel frame offices/apartments (multi-story) 0.2
Large pre-engineered metal building 0.2
Vehicle 0.6

Rationale for the methodology used in this step is detailed in Attachment 1.

Output of Step 21:
e Thermal blocking factor, TBF

45.4 STEP 22: Assess Psg) , Pmajict) , Pminico-

Step 22 completes the Thermal Branch by determining the probability of fatality due to thermal
effects, Pry, probability of major injury due to thermal effects, Pmajicy, and probability of minor
injury due to thermal effects, Puminig.-

Inputs to Step 22:

e Distance between the PES and ES (ft), d [from Step 3]
e Equivalent NEW (Ibs), W, [from Step 4]

e Adjusted thermal hazard factor, Zi, [from Step 20]

e Thermal blocking factor, TBF [from Step 21]

Use inverse of Z,, to .
ta Determine

determine Py, from Calaulate Py, close-in fatality Cslculate C;Iculate

Eq 163 value maji(t) mini(9
curve Eq 164 Eq 165 Eq 166

Fig 11

normal distribution
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Substep 1

Using the inverse of the adjusted thermal hazard factor, Z,, determine the nominal probability of
fatality due to thermal effects, P, from the S-curve as presented in Figure 11.

P(f) due to Thermal (1/za)

0.45 -

0.40 -
0.35 /
0.30

0.25 -

P(to)

0.20 -

0.15

0.05 //
0.00

0.1 1
1/zta

Figure 11.  Nominal Probability of Fatality due to Thermal Effects

Substep 2
Calculate the probability of fatality due to thermal effects, Psq), by:

Piy = @-TBF)* Py, (163)
Substep 3

Determine if SAFER is in the “close-in” region. For the thermal branch, the “close-in” region is
determined based on the fireball radius. Calculate the fireball radius, F, by:

W 0.36
F.=2.77x| 2 164
R ><(0.45j (164)

If the distance between the PES and ES is less than the fireball radius then the probability of
fatality due to thermal effects, P, is set to 1.0; otherwise the Py is the value calculated from
Eq. (163).

Substep 4
Calculate the probability of major injury due to thermal effects, Pmajir), bY:
Praiicy = Prey *3 (165)
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Substep 5
Calculate the probability of minor injury due to thermal effects, Puiniq), by:

Prinicy = Pr ey *20 (166)

Rationale for the methodology used in this step is detailed in Attachment 1.
Outputs of Step 22:

e Probability of fatality due to thermal effects, Py
e Probability of major injury due to thermal effects, Pmajiq)
e Probability of minor injury due to thermal effects, Pminig)

4.6 Group 6 Steps: Effects Aggregation and Risk Calculation

Group 6 includes Steps 23-26 of the SAFER architecture. Steps 23-26 are performed for both
related and public personnel.

Step 23 completes the effects analysis by performing four SAFER runs using different
combinations of the expected value and maximum value of two driving parameters: the amount
of explosives present and the yield.

Step 24 uses the results of Step 23 to compute the risks (individual and group for related and
public) for a given PES/ES pair. These risks are represented by the Expected Value and the
Variance of the risk distributions. These risks have been termed Pair Risks and are calculated for
each PES/ES pair in the situation. Pair Risks represent the risks between a single PES and a
single ES only.

After the Pair Risks (Step 24) have been computed for all ESs within the hazard arc of a
particular PES, Step 25 aggregates the risks (individual and group risks for related and public)
that each PES poses to all ESs. These risks have been termed the PES risks and are calculated for
each PES in the situation. Step 25 also aggregates the risks (individual and group risks for related
and public) to each individual ES from all PESs to which it is exposed. These risks have been
termed ES risks and are calculated for each ES in the situation. In addition to these, Step 25 also
computes the total risks to all ESs within the hazard arc of each PES. These risks are termed PES
Siting risks and are computed for individuals and groups of related and public personnel.

When the total PES risk (Step 25) has been determined for each PES, Step 26 aggregates the
risks (individual and group risks for related and public) that all PESs in the situation pose to all
the ESs. These risks have been termed Installation Risks. They represent the total risks of the
situation analyzed.

4.6.1 STEP 23: Py for variations of AP and Y

Step 23 completes the effects analysis by compiling the effects probabilities of fatality due to
Pressure-impulse, overall building damage, debris, and thermal effects for different combinations
of Amount Present and Yield. Holding all other parameters fixed, four SAFER runs are
performed as follows:
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e Run 1: Maximum (Sited) Amount Present and Maximum Yield

e Run 2: Expected Amount Present and Expected Yield

e Run 3: Maximum (Sited) Amount Present and Expected Yield

e Run 4: Expected Amount Present and Maximum Yield

Run 1 is performed to compute the risk due to a maximum event. This is the risk measure
contained in currently established Explosives Risk Criteria approved by the DDESB. The

expected value computed in this run is denoted by the “sited NEWQD line” on the SAFER
uncertainty display.

Run 2 computes the Pse due to each of the effects for an event defined by the expected values of
Amount Present and Yield. The results of this run are used in step 24 to determine the median
values of Pse for each effect. The total Pse for this run is also used as the median value when
determining the individual variations caused by increases in either Amount Present or Yield.

Run 3 computes the total Pse when the Amount Present is set to the maximum (sited) value for
the situation being analyzed. This information is used in step 25 to determine the variation due to
Amount Present.

Finally, Run 4 computes the total Pse when the Yield is set to the maximum value based on the
type of explosive present. This information is used in step 25 to determine the variation due to
Yield.

Inputs to Step 23:

e Situation data [from Steps 1 through 5]

e Expected and Maximum values for Amount Present and Yield [Steps 1, 2, and 4] Calculate
the probability of fatality and injury given an explosives event and the presence of a person for
each effects branch using Steps 5 through 22 and compute the total Psje, Pmajije, @nd Phinije fOr this
PES/ES pair by:

Pije =P + (Pf(b))(l_ P (0)) + (Pf(d))(l_ Pf(b, )L- Pf(o)) + (Pf(t))(l_ P (d))(l_ Pf(b) )d—P; (0)) (167)
Pmaji le = (1_ Pf /e)*[Pmaji (o) + (Pmaji (b))(l - Pmaji (0)) +

(Pmaji (d))(l - I::’maji (b))(l - IDmaji (0)) + (Pmaji (t))(l - I:,ma\ji (d))(l - |:>maji (b) )(1 - I::’maji (0))]

I:)mini le = (1_ Pf le I:)minile) *[Pmini (0) + (Pmini (b))(l_ IDmini (o)) +

(Pmini(d))(l - I:)mini (b))(l_ I:)mini (o)) + (Pmini (t))(l_ I:)mini (d))(l_ I:)mini (b))(l_ I:)mini (o))]

Outputs of Step 23:

(168)

(169)

e Probability of fatality given an explosives event and the presence of a person, Pge, for each
effect and the total Py, for each of the four runs described above

e Probability of major injury given an explosives event and the presence of a person, Pajije, for
each effect and the total Pwugjije for each of the four runs described above

e Probability of minor injury given an explosives event and the presence of a person, Pinije, for
each effect and the total Pwinile for each of the four runs described above
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4.6.2 STEP 24: Determine Fatality Distribution & Injury Risks for one PES-ES Pair

The risk due to an explosives event calculated by SAFER is a prediction. There are many sources
of uncertainty in a given prediction. The estimate of risk determined by SAFER is a function of
user input, assumptions, approximations, estimates, and mathematical algorithms. Each of these
has variability that contributes to uncertainty. A major design goal for SAFER Version 2.0 was
to model uncertainty. Since SAFER was designed to be a decision aide, the interest in
uncertainty included all factors that contribute to uncertainty in the expected risk value. This
includes the uncertainty in the model, uncertainty in the input, and uncertainty in the imbedded
science. This broad design goal became a requirement that was first accomplished as part of the
SAFER Version 2.0.

The uncertainty model within SAFER Version 2.0 operated as a post processor executed
following completion of Step 26 of the architecture. The SAFER Version 3.0 risk model
combines the computation of the Expected Risk with the uncertainty model in an integrated
statistical model of the world that determines the distribution of Expected Fatality.

Step 24 calculates the expected fatality distribution for one PES-ES pair. The computations in
this step are based on the results of an extended collaboration between the RBESCT and the
Defense Threat Reduction Agency (DTRA). A detailed description and development of the
statistical model of the world (MOW) are provided in the paper, An Analytical Approach for
Treating Uncertainty in Probabilistic Risk Assessments by Dr. R. W. Mensing presented to the
31% Explosives Safety Seminar, 24-26 August 2004 (Ref. 11).

The sections below summarize the methodology used to estimate the expected fatalities and the
associated uncertainty of this prediction in SAFER Version 3.0.

4.6.2.1 Uncertainty Methodology

The SAFER Version 3.0 uncertainty methodology considers both aleatory (random variation
inherent in real life events) and epistemic (knowledge uncertainty inherent in the model of the
world and associated scientific algorithms) uncertainties. The RBESCT and DTRA collaboration
resulted in a Model of the World that incorporates both types of uncertainty into a combined risk
model (as described in the paper cited above). To successfully use this resulting model, a parallel
effort was conducted to develop the estimates of parameter uncertainties required as inputs to the
uncertainty model. Formal expert elicitations and expert panels were used to estimate the
uncertainties present in the scientific algorithms used to compute the probability of fatality and in
the historical data used to compute the probability of an explosive event.

The Model of the World (MOW) leverages the risk equation in previous versions of SAFER to
formulate the risk estimator for the expected number of fatalities per year (F):

F = At*S* A(NEW,E)*Pr(NEW, Yield, Effects)*E (170)
where the factors are lognormally distributed and,

At = the fraction of the time that explosives are present when exposures are also
present,
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A= the probability of an explosive event during a given year based on the type of
explosives present and the activity performed at the explosives site, also
referred to as P,

S= an environmental factor that increases the probability of an event based on
extenuating circumstances at the site — such as operations in a remote area or
under combat conditions,

Pte = the probability of fatality given an explosive event and exposure — this factor
aggregates the effects of the fatality mechanisms: overpressure, debris,
building collapse, and glass hazards, and thermal effects,

E= the exposure of personnel to an explosive event based on the number of people
present in a facility during the year and the number of hours the exposed site is
occupied

NEW=  the Net Explosive Weight of hazardous material contributing to the event
Yield = the percentage of the material contributing energy to the event
Effects = the four fatality mechanisms computed by SAFER science algorithms

This risk estimator includes each of the elements of the SAFER Version 2.0 risk estimator and
incorporates correlation effects such as the impact of:

e Net Explosive Weight (NEW) and Exposure (E) on the Probability of Event, 4
e NEW and explosive yield on the Probability of Fatality given an event, Py

4.6.2.2 Model Input Descriptions and Derivation from SAFER User Inputs

Solving the MOW requires the input of twenty-eight (28) parameters that describe a number of
lognormal distributions representing the various factors in the risk equation.

Inputs to Step 24:
Table 33 provides a listing of the input parameters and a short title describing what each

parameter represents. A more detailed description of each parameter and the method used to
compute each parameter is provided in the following paragraphs.
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Table 33. Risk Model Input Parameters

o S

median value of At standard deviation yield
Oyt standard deviation of At Uyo epistemic standard deviation yield
So median value of environmental factor PNe correlation between NEW and exposure
Os standard deviation of environmental factor Phae correlation between PES activity and
exposure
Aoo median value of lambda Onew1 | standard deviation NEW
Olo standard deviation of lambda Onewz | standard deviation NEW
Eoo epistemic median daily exposure o1 standard deviation for variation in o/p
Oe random variation standard deviation exposure o2 standard deviation for variation in b/c
Oe1 random variation in lambda due to exposure 03 standard deviation for variation in debris
Oko epistemic standard deviation of exposure o7} standard deviation for variation in glass
Piioo | epistemic median Pye blast O10 epistemic standard deviation for
overpressure
Pfi2o0 | epistemic median P building damage 02 epistemic standard deviation for bldg
damage
Pfisoo | epistemic median Pse debris O30 epistemic standard deviation for debris
Pfiaco | epistemic median Pje glass Ouo epistemic standard deviation for glass

The remainder of this section describes the derivation of a value for each of these input
parameters using the data input through the SAFER screens and the data resulting from runs 1
through 4 of Step 23.

46.2.21 At and Ot

At, and oy are the median and standard deviation of the lognormal distribution representing the
percentage of time, At, when explosives are present at the site that exposures are also present.
The equations used to compute these two parameters are provided in Section 4.1.3.2.1.

46.2.2.2 S,and oy

S, and os are the median and standard deviation of the lognormal distribution representing the Pe
environmental factor, S, that addresses the increase in risk due to extenuating circumstances (ex.
OCONUS or hostile area processing).

The RBESCT determined the center value and an upper bound value for each environmental
factor. This information is shown in Table 34, P, Environmental Factor (S) Center Values and
Upper Bounds.
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Table 34. P Environmental Factor (S) Center Values and Upper Bounds

. Center
e
Outside Continental United States (OCONUS) operations in support of wartime actions 10 100
Operations involving dangerously unserviceable items awaiting destruction 10 25
Initial tests of new systems 10 15
Operation occurring in hazardous environments with gases, fibers, etc. 10 100
Required remote operations 10 25
Temporary Duty (TDY) activities during exercises/contingencies/alerts 10 15
Integrated Combat Turn (ICT) operations 10 15
Operations involving exposed explosives 10 25
Outdoor storage / operations normally done indoors 3.1 5
Home station activities during exercises / contingencies / alert 3.1 5
Flight line holding areas 3.1 5
TDY operations during peacetime 3.1 5

SAFER uses S, and o to characterize the Environmental Factor distribution. The standard

deviation, osis calculated by:
In(UBenvironmental factor ) - In(M

environmental factor — 3

)

environmental factor

Os = O,

(171)

where S, and UBenvironmental factor aré provided in Table 34, P, Environmental Factor (S) Center

Values and Upper Bounds.

4.6.2.2.3 /100 a.nd O-ﬁo

Aoo and oy, are the median and standard deviation of the lognormal factor, &, that describes the
epistemic uncertainty in Ao, the median number of explosive events per “typical” operating year
at a given activity/facility. The factor A, was previously known as Pe unscaled-

The RBESCT originally compiled the P. Matrix and estimated upper bound or 3o values for
each activity type. In making these estimates the team considered the following contributors to

Pe uncertainty:

e Amount of data supporting the original P,
e Variations in the definition of activity type,
e Variations within the type of activity, and
e Variations within the explosives type

In the case of A, (previously called unscaled P¢), the RBESCT used an upper bound
multiplication factor to define the upper bound. The upper bound is found by multiplying the
center value by the multiplication factor. Table 35, Un-scaled P, Center Values and Upper
Bounds, shows the center value, multiplication factor, and upper bound for each explosives

activity type.
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Table 35. Un-scaled Pe (4, ) Center Values and Upper Bounds

Activity Tvpes Center Value (Aoo) Upper Bound Upper
y 1yp (Element | from P, matrix) Multiplication Factor Bound (UBun-scaled Pe)
5

Assembly 4.7E-03 2.4E-02
Disassembly 4.7E-03 5 2.4E-02
LAP 4.7E-03 10 4.7E-02
Maintenance 4.7E-03 5 2.4E-02
Renovation 4.7E-03 5 2.4E-02
Burning Ground 2.4E-02 4 9.7E-02
Demilitarization 2.4E-02 5 1.2E-01
Demolition 2.4E-02 10 2.4E-01
Disposal 2.4E-02 10 2.4E-01
Lab 4.3E-03 6 2.6E-02
Training 4.3E-03 4 1.7E-02
Test 4.3E-03 4 1.7E-02
Loading 5.7E-04 5 2.9E-03
Unloading 5.7E-04 7 4.0E-03
Inspection 8.2E-04 4 3.3E-03
Painting 8.2E-04 4 3.3E-03
Packing 8.2E-04 4 3.3E-03
Manufacturing 1.7E-03 5 8.3E-03
Deep Storage 2.5E-05 3 7.6E-05
Temporary Storage 1.0E-04 5 5.0E-04
In-transit Storage 3.0E-04 7 2.1E-03

SAFER uses 1o, and oy, to characterize the distribution of the probability of an explosive event.

The “center value” in Table 35 is used for the median, 1., and the standard deviation, oy, is
calculated by:

_ _ In(U Bun—scaled Pe) - In(ﬂoo)
020 = Oun_scaled P~ 3

(172)

where Ao (previously un-scaled Pe) and UByn-scalegre 1S the upper bound provided in Table 35,
Un-scaled P, Center Values and Upper Bounds.

4.6.2.24 Eqand oe
Eoo and o are the median and standard deviation of the lognormal distribution, E,, representing
the median number of daily exposures. Exposures are calculated both for the group and for the

worst-case individual. The equations used to compute these parameters are provided in Section
4.1.3.2.2.
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46225 0w

oe1 IS the standard deviation of &, a lognormal multiplicative factor describing the random
variation in A due to exposure. This parameter is based on the user input correlation between the
PES activity type and the number of people present (pae) and is computed by:

Ge]_ = (Te* pAe (173)
where o is determined in Section 4.1.3.2 and a¢ is provided in Table 36.

Table 36. Correlation between PES Activity Type and the Number of People Present

Correlation User Input Correlation
Coefficient (pae

Does the PES activity vary on a periodic No Correlation 0.0
schedule which correlates to personnel Positive correlation 05
exposure? Strong positive 0.9
correlation
46.2.26 or

Oeo 1S the standard deviation of the lognormal distribution, E,, of the epistemic uncertainty
associated with evaluating the median number of daily exposures.

This uncertainty is based on the confidence of the user in their estimate of the exposure. The user
selects from the following choices: confident (0.0), somewhat confident (0.5), and not confident
(0.9).

The ok, parameter is then computed by:
Oko = Ln (1+confidence) (174)

The median value of the lognormal distribution, Py, is the epistemic uncertainty associated with
evaluating the median value of the probability of fatality due to explosive effect, k, where k =1,
2, 3, 4 represents the four fatality mechanisms: blast overpressure, building collapse, debris, and
glass.

Two values of Psyoo are generated: one to support computation of the “sited NEWQD” risk and
one for the general risk model. The “sited NEWQD” value of Py is taken from the Py
computed in Run 1 for that fatality mechanism. The Pse value computed in Run 2 is used in the
general risk model. These are computed as Py in Step 8, Pyg and Py in Step 10, and Pyq) in
Step 18.

46.228 oy
oy is the standard deviation of the lognormal distribution, &, a multiplicative factor describing
the random variation in yield. For the “sited NEWQD” run where Amount Present and Yield are

set to their maximum value, no variation due to yield is allowed and oy is set to zero (0). In the
general risk model, the variation due to yield is derived from the Total Pse computed for Run 2
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(Expected Yield and Amount Present) and Run 4 (Expected Amount Present, Maximum Yield)
and is calculated by:

Oy = Ln( I:)ﬂeTotaI for Run4 / I:)f|eTotaI for Run2) /3 (175)
46229 oy

oyo IS the standard deviation of the lognormal distribution, &, a multiplicative factor describing
the epistemic uncertainty in yield. SAFER calculates oy, by:

0yw=05% gy (176)
when the weapon description is “unknown” and
oy0=0.25* & (177)

when a specific weapon is selected as the explosive source.

4.6.2.2.10 pne

Pne 1S the coefficient of correlation between NEW and Exposure. This parameter is selected by
the user. The user choices and corresponding correlation coefficient are provided in Table 37.
Negative correlations are not considered in SAFER.

Table 37. Correlation between Amount of Explosives Present and Exposure

Correlation User Input Correlation
Coefficient (onz)
Does the amount of explosives present No Correlation 0.0
correlate to the number of people on a Positive correlation 05
periodic (daily or weekly) cycle? Strong positive 0.9
correlation

462211 ONEW1

onew: 1S the standard deviation of onews, @ multiplicative factor describing the random variation

in A due to NEW. SAFER currently sets onew: to zero (0). The ability to model this uncertainty
has been included in the risk model for possible future use.

46.2.2.12 ONEW?2

onewz IS the standard deviation of onewr, @ multiplicative factor describing the random variation
in Pse due to NEW.

For the “sited NEWQD” run where Amount Present and Yield are set to their maximum value,

no variation due to NEW is allowed and onew: is set to zero (0). In the general risk model, the
variation due to NEW is derived from the Total Py computed for Run 2 (Expected Yield and
Amount Present) and Run 3 (Expected Yield, Maximum NEW) and is calculated by:

onew2 = LN( PfieTotal Runz / PfieTotal run2) / 3 (178)
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4.6.2.2.13 oxand oy

ok is the standard deviation of the lognormal distribution, &, the random variation in Py due to
effect k, where k = 1, 2, 3, 4 represents the four fatality mechanisms. oy, is the standard deviation

of the lognormal distribution, &, the epistemic uncertainty associated with evaluating the
median value of the probability of fatality, Pse, due to effect k, where k = 1, 2, 3, 4 represents the
four fatality mechanisms.

For each fatality mechanism a P distribution is assumed that has a median value calculated by
SAFER as described in Section 4.6.2.2.7. The upper bound value is then found by multiplying
the center value by an upper bound multiplication factor and the sigma is determined by the
equation:

o= In(UB) —In(M)

3

similarly to other sigmas used in the risk model. A key difference, however, is the fact that the
Upper Bounds (UBs) for the Pse mechanisms are found by multiplying the Median (M) by a
factor. Utilizing this fact, the above equation can be rewritten as:

o In(m*M)—-In(M) In(m*M /M) In(m)

3 3 3

where m is the Upper Bound Multiplication Factor provided in Table 38, Fatality Mechanism
Upper Bound Multiplication Factors.

(179)

(180)

The RBESCT panel had previously examined the science used in SAFER Version 2.0 to
determine multiplicative factors based on uncertainties found in the science for each fatality
mechanism. For SAFER Version 3.0, the panel has further refined this approach to determine
Upper Bound Multiplication Factors for both Aleatory (Real World) and Epistemic (Modeling)
uncertainties. It should be noted that the multipliers previously defined for each of the four
fatality mechanisms in SAFER Version 2.0 are the root sum squares of the two multipliers
(aleatory and epistemic) used in SAFER Version 3.0.

The values of the multiplication factors determined by the panel are shown in Table 38, Fatality
Mechanism Upper Bound Multiplication Factors.
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Table 38. Fatality Mechanism Upper Bound Multiplication Factors

Fatality Mechanism Upper Bound Multiplication
Factor

Blast (aleatory) 35
ES Damage,Glass (aleatory) 8.8
ES Damage, Building damage (aleatory) 7.1
Debris (aleatory) 3.6
Thermal (aleatory) 16.6
Blast (epistemic) 8.3
ES Damage, Glass (epistemic) 17.9
ES Damage, Building damage (epistemic) 7.1
Debris (epistemic) 14.6
Thermal (epistemic) 11.1

The Thermal parameters are used only for calculations involving HD 1.3 items (burning). The
other four parameters are used for all other events. An individual SAFER run will either use
calculations for HD 1.3 items or calculations for all others but not both.

SAFER uses all of the inputs described in Section 4.6.2 and the equations described in
Attachment 9 to estimate the Expected Values of the Expected Fatality distributions (Group and
Individual) for one PES-ES pair, Efgpaircroup @Nd Pr(pairyindividual @nd the variances of the Expected
Fatality distributions (Group and Individual) for one PES-ES pair, Vpair)croup @Nd Vipair)individual-

4.6.2.3 Monte Carlo Approach Used to Validate Uncertainty Model

A Monte Carlo approach can be used to model distributions composed of randomly distributed
input factors. Using this approach, a large number of replications of the model are run with
values of the input factors randomly drawn from appropriate probability distributions at the
beginning of each replication. The outputs of the model resulting from each replication are
evaluated to determine expected values and measures of dispersion.

Since the MOW has several input factors that are random variates, its implementation in the
analytical model can be evaluated using a Monte Carlo approach. This requires drawing random
variates for all factors in the MOW and subsequent evaluation of the expected fatality estimate
by the MOW. Multiple replications can be performed and the resulting expected fatalities (EF)
and uncertainty (variation in expected fatalities) determined.

A two-loop Monte Carlo model was developed to evaluate the MOW as depicted in Figure 12
This two-loop experimental design addresses both epistemic and aleatory uncertainties. The
outer loop considers those risk factors with known epistemic or modeling uncertainties. The
inner loop considers those risk factors with known aleatory uncertainties due to random
variation.
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Figure 12.  Two-Loop Monte Carlo Experiment to Evaluate SAFER MOW

The ¢ terms in the inner and outer loops are multiplicative factors that describe uncertainty or
random variation as noted in Section 4.6.2.2. Values of the ¢ terms are random variates drawn
from a lognormal distribution. For example, oy is a multiplicative factor describing the random
variation in yield used in the inner loop. The distribution of the random variate oy is described by
oy, the standard deviation of the lognormal distribution. A random draw of Jy is determined by:

oy= Exp [Normal (mean = 0, standard deviation = 1) * ] (181)

Many thousand replications of the inner and outer loops were used to evaluate the MOW using
the Monte Carlo approach. Several hours of computing time were required to run the needed
replications.

4.6.2.4 Analytical Approach to Estimate Risk and Uncertainty

To eliminate the computation time needed to employ a Monte Carlo approach in SAFER, an
analytical approach was developed to estimate risk and uncertainty. This analytical model was
validated using the Monte Carlo approach described in Section 4.6.2.3 above. A comparison of
results produced by the analytical model to those generated by the Monte Carlo analysis is
included in the paper, Uncertainty as Modeled in SAFER 3.0 by R. G. Baker presented to the 31
Explosives Safety Seminar, 24-26 August 2004 (Ref 12).

Four test cases that have become “standard” for SAFER testing were used in the evaluation.
Three parameters of the risk distributions were compared for each of the four cases using the
analytical model and the Monte Carlo approach. These parameters were: the mean, the standard
deviation, and the 95" percentile value. When the values of these parameters were compared, the
maximum difference was less than 2% across the four test cases. This excellent agreement
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provides high confidence in the ability of the analytical model to accurately determine the risk
distribution based on the input distributions.

4.6.2.5 SAFER Version 3.0 Injury Risk Model
The paragraphs below provide the equations used to compute point estimates of the risk of major
and minor injuries. SAFER uses the generic risk equation,

RISk = Pevem * Pharm | event * EXpOSUI'e (182)

to compute the risks of major and minor injury. In the risk model described in Section 4.6.2.2,
Pevent IS represented by the distributions 4 and S and Exposure is represented by the distributions

E, and At. For the purposes of computing injury estimates, SAFER computes Peyent and Exposure
as:

Pevent = E(A) * E(S) = Aoo * So * exp[0.5*(c;% + 057)] (183)
and
Exposure = E(At) * E(E,) = Ato * Eqo * exp[0.5%(o4’ + 0¢2)] (184)

The four point estimates of the potential for injury at a single ES caused by a single PES are then
given by:

EMaj (pair) Group: ﬁvo*So*eXp[OB*(O'/lz"'O_Sz)] * I:)Maj|e * Ato Group*Eoo 185
* * 2 2 ( )
Group exp[0.5 (O'AtGroup + 06 Group )]

PMaj (pair) Individual= Ao*So*eXp[0.5*(,°+ 557)] * Pwmaije * Ao individual*Eoo (186)
individua*€XPL0.5* (Ot ind”+ Ge 1nd”)]
and

Ewmin (pair) Group:ﬂo*so*exp[o-S*(Uiz"' 082)] * PMinje *Ato Group™Eoo (187)

Group *€XP[0.5* (o4 Group2+ Oe Groupz)]

Pwin (pair) Individual= 40*So*eXp[0.5*(5°+05°)] * Pminje * Ao individuar*Eoo (188)
individua*€XP[0.5* (G4t ind”+ G nd*)]
Outputs of Step 24:

e Expected Values of the Expected Fatality distributions (Group and Individual) for one PES-
ES pair, Efpaircroup anNd Pr(pairyindiviaual COMputed using the inputs described in the entirety of
Section 4.6.2.2 and the equations described in Attachment 9

e Variances of the Expected Fatality distributions (Group and Individual) for one PES-ES pair,
Vi(pair)croup @Nd Vipairyindividuat COMputed using the inputs described in the entirety of Section
4.6.2.2 and the equations described in Attachment 9

e Point Estimates of Major Injury (Group and Individual), Emaj pair) Group @Nd Pwaj (pair) individual
e Point Estimates of Minor Injury (Group and Individual), Ewmin (pair) Group @10 Pwmin (pair) Individual

SAFER Version 3.0 includes a fully integrated statistical Model of the World that directly
estimates the distribution of the Expected Fatality random variable using an analytical method.
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The risk estimator and uncertainty model were developed in collaboration with DTRA and have
been validated by Monte Carlo analysis. Point estimates for Major and Minor Injury are also
computed. While no estimates of the variation in these risks are computed, available knowledge
of variation in two of the three factors, P(event) and Exposure, is incorporated into the point
estimate computation.

4.6.3 STEP 25: Aggregate all risks to each ES and all risks caused by each PES

Step 25 has been broken into two parts: Substep 1 which computes the total risk to an ES due to
all PESs surrounding it, and Substep 2 which computes the total risks caused by a PES to all ESs
surrounding it.

Substep 1

This step calculates the expected fatalities and injury point estimates at a unique ES. This is
accomplished by aggregating the risk contributions of all PESs posing a hazard to that ES.

Inputs to Substep 1:

e Definition of the Group Risk distribution for all PES-ES pairs that share a common ES [from
Step 24]. The distributions are defined by the Expected number of fatalities, Espair)group, and
the associated Variance, Vgpairgroup

e Definition of the Individual Probability of Fatality distribution for all PES-ES pairs that share
a common ES [from Step 24]. The distributions are defined by the Probability of Fatality,
Pt(pair)individual, and associated Variance, Vipair)individual

e Point estimates of the Group Risk of Major and Minor Injury for all PES-ES pairs that share
a common ES [from Step 24], Emaj pair) croup @ Emin (pair) Group

e Point estimates of the Individual Risk of Major and Minor Injury for all PES-ES pairs that
share a common ES [from Step 24], Ewaj (pair) individual @Nd Enmin (pair) individual

Fatality Distributions
SAFER calculates the group expected fatalities at a unique ES, Esgs)roup, bY:

Ef(ES)Group = zEf(pair)Group (189)

PES sites

and the Variance in the ES Group Risk distribution by:

Vf(ES)Group = zvf(pair)Group (190)

PES sites

SAFER calculates the individual expected fatalities at a unique ES, Psgs)individual, DY:
Pt esymaviaas = 2, Ei =2 EE;+ > EEE, (191)

PESsites i#] i#j=k

where the E; and E; denote the individual probability of fatality, Pspairindividual, that distinct PES
sites pose to the ES of interest.

Then SAFER calculates the Variance of the ES Individual Risk distribution by:
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V f (ES) Incvidual = 20 Vit 2V (192)

PESsites i
with

Vij = BV + E5 Vi + VWV, (193)
where the Ej and V; denote the Expected Values, Pypairyindividual, @nd Variances, Vipairyindividual, 1N
the individual probability of fatality that distinct PES sites pose to the ES of interest.

In addition, SAFER calculates the Group expected fatalities due to all hazards for ESs within the
Risk-based evaluation distance of any PES (PES Siting Risk), Ees siting)Group, DY:

Ef(PESSiting)Group = Z Ef(ES)GrOUp (194)

ES sites

and the Variance in the PES Group Risk distribution by:

Vf (PESSiting)Group — zvf (ES)Group (195)

ES sites

SAFER calculates the Individual expected fatalities due to all hazards for ESs within the Risk-
based evaluation distance of any PES, Pspes siting)individual, DY:

Pf(PES Siting)Individual = Maximum{ Pf(ES)IndividuaI : across all ESs within the Risk-

based evaluation distance of any PES} (196)
and the Variance in the PES Individual Risk distribution by:
Vi(pes siting)individual = the VEs)individua @5S0Ciated with the ES having the maximum (197)
risk
Injury Point Estimates
SAFER calculates the point estimates for Major Injuries at a unique ES by:
EMaj(ES)Group = Z EMaj(pair)Group (198)
PESs
PMaj(ES)IndividuaI =1- H (1 - PMaj(pair)IndividuaI ) (199)
PESs
and the point estimates for Minor Injuries at the ES by:
EMin(ES)Group = Z EMin(pair)Group (200)
PESs
PMin(ES)IndividuaI =1- H (1_ PMin(pair)lndividuaI ) (201)

PESs

Outputs of Substep 1:

o Expected fatality (Group Risk) distribution for each unique ES, defined by Efgs)croup and
Vf(ES)Group
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e Maximum Individual Probability of Fatality distribution for each unique ES, defined by
PiEs)individual AN VES)individual

e Expected fatality (Group Risk) distribution for all ESs within the Risk-based evaluation
distance of any PESs (Siting Risk), defined by Espgs siting)croup @Nd Vi(pes siting)Group

e Maximum Individual Probability of Fatality distribution for all ESs within the Risk-based
evaluation distance of any PESs (Siting Risk), defined by Pspes siting)individuat @nd Vipes
Siting)Individual

e Point estimates for Major Injuries (Group and Individual) for each ES, Emaj (s) roup @nd P
(ES) Individual

e Point estimates for Minor Injuries (Group and Individual) for each ES, Ewmin (es) croup aNd Pwin
(ES) Individual

Substep 2

This step calculates the expected fatalities and point estimates of injuries caused by a unique

PES. This is accomplished by aggregating the risks the PES poses to multiple ESs.

Inputs to Substep 2:

e Definition of the Group Risk distribution for all PES-ES pairs that share a common PES
[from Step 24]. The distributions are defined by the Expected number of fatalities, Esairgroup,
and its Variance, Vipair)group

e Definition of the Individual Probability of Fatality distribution for all PES-ES pairs that share
a common PES [from Step 24]. The distributions are defined by the Probability of Fatality,
Pt(pair)individual, and its Variance, Vpair)individual

e Point estimates of the Group Risk of Major and Minor Injury for all PES-ES pairs that share
a common PES [from Step 24], Emaj (pair) Group @3Nd Enin (pair) Group

e Point estimates of the Individual Risk of Major and Minor Injury for all PES-ES pairs that
share a common PES [from Step 24], Pwgj (pair) individual 2N Pwmin (pair) Individual

Fatality Distributions
SAFER calculates the Group expected fatalities caused by a unique PES, Espes)roup, DY:

Ef(PES)Group = Z Ef(pair)Group (202)

ES sites

and the Variance in the PES Group Risk distribution by:

Vf (PES)Group = zvf (pair)Group (203)

ES sites
SAFER calculates the Individual expected fatalities caused by a unique PES, Pspes)individual, DY:
Piees)individual = Maximum{ Ppairyindividual - aCross all ESs exposed to the PES} (204)
and the Variance in the PES Individual Risk distribution by:
Vipes)individual = the Vipairyindividual @ssociated with the ES having the maximum risk  (205)
Injury Point Estimates

SAFER calculates the point estimates for Major Injuries at a unique PES as:
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EMaj(PES)Group = z EMaj(pair)Group (206)

ES sites
and

PMaj(PES)IndividuaI = Maximum{ PMaj(pair)IndividuaI :across all ESs EXDOSEd to the

PES} (207)
SAFER calculates the point estimates for Minor Injuries for a unique PES as:

EMin(PES)Group = ESZ:, EMin(pair)Group (208)
and
Pwin(res)individual = Maximum{ Pwin(pair)individual - 8Cross all ESs exposed to the PES} (209)

Outputs of Substep 2:

o Expected fatalities (Group Risk) distribution caused by a unique PES, defined by Espes)croup
and Vsees)Group

e Maximum Individual Probability of Fatality distribution for a single PES, defined by
PiPeS)individual 3N VipeS)individual

e Point estimates for Major Injuries (Group and Individual) for each PES, Ewaj (pEs) Group and
PMaj (PES) Individual

e Point estimates for Minor Injuries (Group and Individual) for each PES, Ewin (pes) croup and
Pwmin (PES) Individual

4.6.4 STEP 26: Sum Ef values from all PESs.

Step 26 is the final SAFER step where the total explosive risk for an entire situation (installation)
is calculated. In this step, SAFER calculates expected fatalities and point estimates for the
situation by summing the expected fatalities/injuries for all ES locations in the situation due to
all PES sites that hazard them.

Inputs to Step 26:

e Definition of the Group Risk distribution for each ES location on the installation [from Step
25, Substep 1]. The distributions are defined by the Expected number of fatalities, Egs)group,
and the associated Variance, Vigs)group

e Definition of the Individual Probability of Fatality distribution for each ES location on the
installation [from Step 25, Substep 1]. The distributions are defined by the Probability of
Fatality, P(Es)Individual, and the associated Variance, ViEs)individual

Fatality Distributions
SAFER calculates the expected fatalities (Group Risk) for the entire situation, Enstainroup, DY:

f(mstaII)Group Z E f (ES)Group (210)

ES sites

and its associated variance by:
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Vi (install)Group — zvf (ES)Group (211)

ES sites

The individual probability of fatality (Individual Risk) for the situation, Pfinstaindividuar, 1S then
calculated as:

P, (install) Individual — Maximum{ Pf(ES)IndividuaI : across the installation} (212)

and the Individual Risk distribution variance, Viinstaindividuat, 1S the variance associated with the
ES having the maximum Psgs)individual-

Injury Point Estimates
SAFER calculates the point estimates for Major Injuries over the entire situation (installation) as:

EMaj(instaII)Group = ZEMaj(ES)Group (213)
ES sites
and
I:)Maj(install)Individual = MaXimum{ I:)Maj(ES)IndividuaI . across the inSta”ation} (214)

and the point estimates for Minor Injuries over the installation as:

EMin(instaII)Group = ZEMin(ES)Group (215)
ES sites
and
Putininstatty ndividuar = MaXIMUML Py eo naviauar - 2CT0SS the installation} (216)
Outputs of Step 26:

o Expected fatality distribution for the entire situation, defined by expected value, Es(instaiycroup,
and variance, Vi(install)Group

e Individual Probability of Fatality distribution for the entire situation, defined by expected
value, Pgnstailyindividual, and variance, Viinstailyindividual

e Point estimates for Major Injuries (Group and Individual) for the entire situation
(in5tallati0n), EMaj (Install) Group and I:)Maj (Install) Individual

e Point estimates for Minor Injuries (Group and Individual) for each ES, Ewmin (instaity Group and
PMin (install) Individual

After Step 26, all of the steps in the SAFER Architecture have been completed.

5.0 UNCERTAINTY DISPLAY

At this time, uncertainty criteria have not been developed or approved by the DDESB. The
information on uncertainty provided in SAFER Version 3.0 is provided for informational
purposes only. This section presents an overview of the uncertainty display SAFER Version 3.0
utilizes to communicate the results of the risk analysis and the use of the log-normal distribution
for modeling risk.
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The uncertainty model integrated within SAFER computes a variety of risk measures in Steps 24
through 26. The SAFER Version 3.0 uncertainty model provides an optional uncertainty display
for group and individual risks associated with a single PES-ES pair and the PES Siting Risk. A
sample of this display is shown in Figure 13. This display provides a graphical representation of
the uncertainty distribution on both a logarithmic and a linear risk scale.

<) Individual Risk at PES PEMB for Public/Unrelated personnel using HD 1.1

10 ) ) 10 10 i)

11 10 a i 7 fi
T T T T T T T T T
| | | | | | | | |
0 0.1 02 0.3 0.4 0.5 0B 0.7 0.a 09 1
x10°
PlAnnual Fatality] < 1.0e-006 LEGEND
RISK DISTRIBUTION PARAMETERS
Criterion 1.0e-006
Median ¥alue
P[] [Sited NEWQD] 1.8e-008
Expected Fatality

P[f] [Expected NEWQD) 1.3e-009

95% Upper Confidence

Mu of Azzociated Hormal
Sigma of Azzociated Hormal

95% Confidence 4_3e-009

Frint

Figure 13.  SAFER Version 3.0 Uncertainty Display

The screen also displays several risk measures to assist in interpretation of the analysis results:

e Fatality distribution. This curve displays the combined effects of all uncertainty drivers that
have been incorporated into the general risk model (E(f) for group risk or P(f) for individual
risk based on the expected NEWQD).

e Criterion line. This is the level of risk that is acceptable without a waiver, exemption, or

other informed decision to accept risk. The criterion is based on the threshold approved by
the DDESB.

o E(f) or P(f) (Sited NEWQD) line (decision point). This line represents the risk value
calculated by SAFER that is to be compared to the criterion. The decision point risk estimate
is calculated by biasing two critical parameters to the conservative side: the Amount of
Explosives Present and the Explosive Yield. To compute this risk, the median values of
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amount present and yield are set to the maximum value (100% NEW and 100% yield) and
the variances are set to 0.0.

E(f) or P(f) (Expected NEWQD) line. This line represents the expected value of the group or
individual risk distribution calculated by SAFER, which is the output of the general risk
model. To compute this risk, the distribution of amount present (expected NEWQD and sited
NEWQD) and the yield is calculated in Step 4 (Section 4.1.4).

95% Confidence. This line represents the 95% confidence point on the E(f) or P(f) output
from risk distribution.

The mean (x) and standard deviation (o) of the associated linear normal distribution. Each
risk distribution computed by SAFER is represented by a lognormal distribution having an
expected value (E(f) or P(f)) and variance (V). From these two parameters, the mean () and
standard deviation (o) of the associated normal distribution can be computed as:

u=In{E?/Sqrt(V+E’)} and o=Sqrt{In[(V/E®)+1]}
These are currently displayed on the uncertainty screen in the Risk Distribution Parameters

box. Using x and o, the lognormal probability density function (distribution curve) of the
risk and remaining parameters of the distribution can be computed as follows:

Curve: f(x) = exp[ -0.5* {(In(x) — w)/a}* 1/ [ Sqrt(2r) ox ]
Mode: exp(u— %)

Median: exp(u)

Mean: exp(u+ 0.56%)

Variance:  exp[2(u+0?)] —exp[ 2u + o ]

Other risk distribution parameters. Selected parameters describing the risk distribution are
also presented on the display. These include:

— Probability that the actual E(f) or P(f) is less than the criterion
— Median and expected values of the expected fatality distribution
— 95% upper confidence bound
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Appendix A
Supplemental Tables

Table A-1.  Default Roof and Wall Types
- Wall Type
Building Category Bu”dmggypﬁf‘ Default ES Building Type (default-nota| | Default Roof Type
oo user selectable
Open NA NA
Rei Small Reinforced Concrete Small Reinforced Concrete 8" reinforced R
einforced Concrete : . ! 4" Reinforced Concrete
(reinforced concrete roof) (Office/Commercial) concrete
Reinforced Concrete Medium _Reinforced Concrete Meo_lium Reinforc_ed Concrete 8" reinforced 2 Lt-Wt (_:oncrete/steel
(light weight concrete roof) (Office/Commercial) concrete deck & joist

Reinforced Concrete

Large Tilt-up Reinforced
Concrete (wood panelized
roof)

Large Reinforced Concrete Tilt-up
(Commercial)

6" reinforced
concrete tilt-up

Wood panelized

Reinforced Masonry

Small Reinforced Masonry

Small Reinforced Masonry

8" reinforced

Plywood/Wood joist

(plywood/wood joist roof) (Office/Commercial) masonry
. Medium Reinforced Masonry Medium Reinforced Masonry 8" reinforced Light Steel Panel (22
Reinforced Masonry . .
(steel panel roof) (Office/Commercial) masonry gauge)
Unreinforced Small Unreinforced Brick Small Unreinforced Brick 8" unreinforced Plywood/Wood joist
Brick/Masonry (plywood/wood joist roof) (Office/Apartment) brick
Unreinforced Medium Unreinforced Masonry | Medium Unreinforced Masonry 8" unreinforced Wood panelized
Brick/Masonry (wood panelized roof) (Office/Apartment) masonry
Unreinforced Large Unreinforced Masonry , ' 8" unreinforced Gypsum/Fiberboard/
Brick/Masonry (gypsum/steel joist roof) Large Unreinforced Masonry (Office) masonry
Steel PEMB Small PEMB Small PEMB (Office/Storage) Corrugated Steel Steel joist
Steel PEMB Medium PEMB Medium PEMB (Office/Commercial) | Corrugated Steel ;g‘é eS)teeI Panel (22
Large PEMB Light Steel Panel (22
Steel PEMB Large PEMB (Office/Storage/Hangar) Corrugated Steel gauge)
Stud Wall Building Small Wood Frame Small Wood Frame (Residence) Wood stud Iégi;;teel Panel (22
Stud Wall Building Medium Wood Frame Med|_um vk Wood stud Plywood/Wood joist
(Residence/Apartment)
- Medium Steel Stud (steel panel | Medium Steel Stud Light Steel Panel (22
Stud Wall Building foof) (Office/Commercial) Steel stud gauge)
Modular Bldg or Modular Building/Trailer -
Trailer Wood Frame (Office/Residence/Storage) Wood stud Plywood/Wood joist
Passenger Vehicle Moving Vehicle Vehicle Moving Steel Steel
Passenger Vehicle Stationary Vehicle Vehicle Stationary Steel Steel

* Small, medium, and large sizes refer to approximate area/floor in ft°.

Small < 5000 ft*

5,000 ft* < Medium < 20,000 ft?
Large > 20,000 ft*f

Modular Bldg or Trailer = approx 500 ft*

2 Default roof (in parenthesis) is automatically shown in Roof type window in Define Exposed Site (ES)
Information Dialog. If the default roof is replaced by the user, then the user-defined roof will be used to
calculate the risk from the PES fragment and debris.
The default roof is always used in the calculations for the building response to overpressure.



Table A-2. Effective Yield

Z (Hazard Yield Equation (Ibs)

Y=C1*(W1/C2)

Weapon Type Factor)
(ft/lbs'?)
86 — 350 Y = 275%(W1/ 192)

MK82 2.9-86 Equation (19) 4.04477 1.2902 034374 | 0.025341 0 0
12-29 Y = 235%(W, / 192)
86-350 | Y =500*(W,/445)
MK83 2.9-86 Equation (19) 5.5293 1.11439 030437 | 0.021737 0 0
12-2.9 | Y =560* (W, /445)

86-350 | Y =1220*(W,/945)
MK84 2.9-86 Equation (19) 6.3317 11.0624 -0.28844 | 0.019965 0 0
12-2.9 | Y =1200*(W,/945)
86-350 | Y=12.8*(W:/15.1)

M107 2.9-86 Equation (19) 3.7993 0.35294 -0.51476 0.11606 -0.0073289 0
1.2-29 Y =42+*(W,./15.1)
AIM-7 1.2-350 Equation (19) 4.43036 -0.838135 0.544216 -0.184942 0.019430 -0.000231
Bulk/light case Y=W;*1
M1 (105 mm) 1.2-29 Y=6.5. (W1/5)
2.9-350 Equation (19) 1.952732 | -0.4599533 | 0.529341 -0.166752 0.020306 -0.0007978
MK2 (40 mm) 1.2-260 Equation (19) -2.980723 1.944348 -0.293102 | -0.173221 0.049327 -0.0035675

260-350 | Y =0.06*(Wy/0.2)




Z Range

Table A-3.

Pressure Calculation Coefficients

A B C D] =
ft/lbs'3
0.5-7.25 6.9137 -1.4398 -0.2815 -0.1416 0.0685
7.25-60 8.8035 -3.7001 0.2709 0.0733 -0.0127
60-500 5.4233 -1.4066 0 0 0
Note: Z = Z, for Step 5 and Z = Z, for Step 6
Table A-4.  Impulse Calculation Coefficients
Z Range A B C D E
(ft/Ibs??)
5-241 2.975 -0.466 0.963 0.03 -0.87
241-6 0.911 7.26 -7.459 2.960 -0.432
6-85 3.2484 0.1633 -0.4416 0.0793 -0.00554
85 - 400 4.7702 -1.062 0 0 0
Note: Z = Z, for Step 5 and Z = Z, for Step 6
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Table A-5.  Adjusted Weight Coefficients
7 Adjusted Weight
: (Ibs)
(ft/Ibst3) Wa= o Wi
> 60 Wa=0.35*W
ECM-front (all -
sizesltypes) 1.5-60 Equation (25) -0.43864 -8.4165 16.7060 -12.7490 4.755400 -0.866790 0.061526
<15 Wa=0.10 * Wy
ECM - side > 60 Wa=0.35*W1
(all 2-60 Equation (25) -1.2832 -3.6111 5.4064 -3.1582 1.0194 -0.17738 0.012497
sizes/types) <2 Wa=0.13* W1
ECM - rear > 60 Wa=0.20 * W1
(all 25-60 | Equation (25) 0.72068 -8.8511 10.700 -6.0891 1.8914 -0.30811 0.020299
sizes/types) <25 Waz=014* W,
> 63 Wa=0.68 * W1
HAS - front 35-63 Equation (25) 5.811198 -13.94288 11.12264 -4.566028 1.050035 -0.1293674 0.006702599
<35 Wa=0.38*W;
HAS — side > 100 Wa=1.2*W,
2.5-100 | Equation (25) -5.568345 2.664608 -0.6710276 0.4365081 -0.1465799 0.01495905 0
(W> 250 Ibs)
<25 Wa=0.03* W
. >100 Wa=0.05*W;
mi ;s(l)dlis) 25-100 | Equation (25) 8.572503 1.282287 0.180446 -0.2260388 .03947517 0 0
<25 Wa=0.01*W;
>50 Wa=0.07* W
HAS - rear 2.67-50 | Equation (25) -7.345585 5.90604 -3.846292 1.787642 -0.4084985 0.03173365 0
<2.67 Wa=0.07* W1
> 140 Wa=0.85*W
QSGZ%S!S) 1.15-140 | Equation (25) -4.18694 2.28941 -0.16247187 -0.071019971 -0.00044634702 0.0018659168 0
<115 Wa=0.02* W
Operating > 140 Wa=0.85*W:
Building (all 1.15-140 | Equation (25) -4.18694 2.28941 -0.16247187 -0.071019971 -0.00044634702 0.0018659168 0
sizes/types) <115 | Wa=0.02*W;
. >100 Wa=133*W;
Sij;g)sgall 7.8-100 | Equation (25) -11.81948 16.42335 -8.991386 2.277275 -0.2687593 0.01236889 0
<78 Wa=0.5*W,
>100 Wa=0.47*W;
gﬁ]tain ers 2-100 Equation (25) -0.7108375 -6.941476 10.85351 -6.73481 2.049523 -0.3048253 0.01772554
<2 Wa=0.12*W;




Table A-6.  Damage Coefficients for the PES Roof

PES (roof) Initial Breakout Value Total Destruction
Yo(Ibs) Value
PEMB 3 40 04
Hollow Clay Tile 1 8 0.25
HAS 1,000 2,000 0.9
Large Concrete Arch ECM 15 250 1.0
Medium Concrete Arch ECM 15 250 1.0
Small Concrete Arch ECM 15 250 1.0
Large Steel Arch ECM 15 250 1.0
Medium Steel Arch ECM 15 250 1.0
Small Steel Arch ECM 15 250 1.0
Large AGBS 1 16 0.5
Medium AGBS 1 16 05
Small AGBS (Square) 1 16 0.5
Medium Concrete Building 1 16 0.5
Small Concrete Building 1 16 0.5
Ship (small) 100 5,000 1.1
Ship (medium) 100 5,000 1.1
Ship (large) 100 5,000 11
ISO Container 3 40 04

Table A-7. Damage Coefficients for the PES Front Wall

PES (front wall) Initial Breakout Value Total Destruction
Yo(Ibs)
PEMB 3 40 04
Hollow Clay Tile 1 8 0.25
HAS 40 2,000 0.9
Large Concrete Arch ECM 1 10 0.6
Medium Concrete Arch ECM 1 10 0.6
Small Concrete Arch ECM 1 10 0.6
Large Steel Arch ECM 1 10 0.6
Medium Steel Arch ECM 1 10 0.6
Small Steel Arch ECM 1 10 0.6
Large AGBS 1 8 0.25
Medium AGBS 1 0.25
Small AGBS (Square) 1 8 0.25
Medium Concrete Building 3 100 0.4
Small Concrete Building 3 100 0.4
Ship (small) 100 5,000 1.1
Ship (medium) 100 5,000 1.1
Ship (large) 100 5,000 11
ISO Container 3 40 04
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Table A-8.
PES (side walls)

Damage Coefficients for the PES Side Walls

Initial Breakout Value

Total Destruction

Yo(Ibs)
PEMB 1 40 04
Hollow Clay Tile 1 8 0.25
HAS 1,000 2,000 0.9
Large Concrete Arch ECM 2,000 10,000 0.9
Medium Concrete Arch ECM 2,000 10,000 0.9
Small Concrete Arch ECM 2,000 10,000 0.9
Large Steel Arch ECM 2,000 10,000 0.9
Medium Steel Arch ECM 2,000 10,000 0.9
Small Steel Arch ECM 2,000 10,000 0.9
Large AGBS 1 8 0.25
Medium AGBS 1 8 0.25
Small AGBS (Square) 1 8 0.25
Medium Concrete Building 3 100 0.4
Small Concrete Building 3 100 0.4
Ship (small) 100 5,000 1.1
Ship (medium) 100 5,000 11
Ship (large) 100 5,000 1.1
ISO Container 1 40 0.4

Table A-9.  Damage Coefficients for the PES Rear Wall
PES (rear walls) Initial Breakout Value
Yo (Ibs)
PEMB 1 40 04
Hollow Clay Tile 1 8 0.25
HAS 2,000 10,000 0.9
Large Concrete Arch ECM 2,000 10,000 0.9
Medium Concrete Arch ECM 2,000 10,000 0.9
Small Concrete Arch ECM 2,000 10,000 0.9
Large Steel Arch ECM 2,000 10,000 0.9
Medium Steel Arch ECM 2,000 10,000 0.9
Small Steel Arch ECM 2,000 10,000 0.9
Large AGBS 1 8 0.25
Medium AGBS 1 8 0.25
Small AGBS (Square) 1 8 0.25
Medium Concrete Building 3 100 0.4
Small Concrete Building 3 100 0.4
Ship (small) 100 7,500 1.1
Ship (medium) 100 7,500 1.1
Ship (large) 100 7,500 11
ISO Container 1 40 04
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Table A-10.  Pressure-impulse Coefficients for Py

% Sl Fracure

0. 347 10 821 4934 9
50 0.377 14.501 7097.7
99.9 0.497 19.613 8948.1

Table A-11.  Pressure and Impulse Reduction Values due to Glass Percentage

Fraction Average | Glass Fraction | Height of ES

ES Name Max Reduction Protection for Full Venting (ft)

Small Reinforced Concrete

(Office/Commercial) 0.5 0.075 0.25 12
Medium Reinforced Concrete

(Office/Commercial) 0.5 0.075 0.25 12
Large Reinforced Concrete Tilt-up

(Commercial) 0.5 0.075 0.25 20
Small Reinforced Masonry (Office/Commercial) 0.5 0.075 0.25 12
Medium Reinforced Masonry

(Office/Commercial) 0.5 0.075 0.25 12
Small Unreinforced Brick (Office/Apartment) 0.5 0.075 0.25 12
Medium Unreinforced Masonry

(Office/Apartment) 0.5 0.075 0.25 12
Large Unreinforced Masonry (Office) 0.5 0.075 0.25 12
Small PEMB (Office/Storage) 0.5 0.075 0.25 12
Medium PEMB (Office/Commercial) 0.5 0.075 0.25 12
Large PEMB (Office/Storage/Hangar) 0.5 0.075 0.25 24
Small Wood Frame (Residence) 0.5 0.075 0.25 12
Medium Wood Frame (Residence/Apartment) 0.5 0.075 0.25 12
Medium Steel Stud (Office/Commercial) 0.5 0.075 0.25 12
Modular Building/Trailer

(Office/Residence/Storage) 0.5 0.075 0.25 10
Vehicle 0.5 0.075 0.25 4

A-7



Table A-12. Power Curve Parameters for Major Injury as a Function of Glass Breakage

Annealed 7E-12 6.015
Dual Pane 1E-9 4,953
Tempered 0.0446 1.382

Table A-13.  Yield Adjustment Curve Parameters

_-__

Annealed 0.0905 1.0556
Dual Pane 0.1476 1.1395 0.5
Tempered 0.032 1.0072 0.01

Table A-14.  Structure Damage / Fatality Normal Distribution Parameters

L ESTppe | PI@40% | PF@90% | Sigma | Mean | Pf(max) |
Small Reinforced Concrete (Office/Commercial) 0.0052 0.3064 0.08964 1.79354 0.318
Medium Reinforced Concrete
(Office/Commercial) 0.0074 0.2282 0.09508 1.77894 0.2359
Large Reinforced Concrete Tilt-up (Commercial) 0.0114 0.2681 0.09815 1.77256 0.277
Small Reinforced Masonry (Office/Commercial) 0.0073 0.1829 0.09739 1.77418 0.189
Medium Reinforced Masonry
(Office/Commercial) 0.0084 0.2106 0.0972 1.77384 0.2175
Small Unreinforced Brick (Office/Apartment) 0.0141 0.1729 0.10672 1.75264 0.17815
Medium Unreinforced Masonry
(Office/Apartment) 0.0105 0.1970 0.10066 1.76608 0.20325
Large Unreinforced Masonry (Office) 0.0100 0.1878 0.10073 1.76625 0.1938
Small PEMB (Office/Storage) 0.0125 0.1257 0.10975 1.74484 0.12935
Medium PEMB (Office/Commercial) 0.0143 0.1444 0.11009 1.74562 0.14872
Large PEMB (Office/Storage/Hangar) 0.0177 0.1785 0.1096 1.74481 0.18365
Small Wood Frame (Residence) 0.0087 0.1144 0.10546 1.75473 0.11785
Medium Wood Frame (Residence/Apartment) 0.0107 0.1417 0.10541 1.75508 0.146
Medium Steel Stud (Office/Commercial) 0.0159 0.1602 0.10987 1.74513 0.1649
Modular Building/Trailer
(Office/Residence/Storage) 0.0096 0.1271 0.1054 1.75505 0.13095
Vehicle 0.0009 0.1074 0.08434 1.80506 0.1117
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Table A-15.  Close-in Adjustment Parameters for Py
ES Building Type Pt(oci1 Pt(ocy2

EXP(-330.43+100.96*(LN(Wa))-

i i 1 0,
Small Reinforced Concrete (Office/Commercial) 100% 11,618*LN(Wa))"2+0.59364*( LN(W2))"3-0.011345*(LN(Wa))*)

EXP(-130.31+38.22*(LN(Wa)-4.2566*(LN(Wa))"2+0.21066*(LN(Wa))"3-

. . , . .
Medium Reinforced Concrete (Office/Commercial)|  100% 0.0039012(LN(W.))4)

Large Reinforced Concrete Tilt-up (Commercial) 100% | -0.1108+((0.38698* Wa)/(2330.4+ Wa))

Small Reinforced Masonry (Office/Commercial) 100% | -0.0128+((0.20231* Wa)/(14754+ Wa))

Medium Reinforced Masonry (Office/Commercial) |  100% | -0.024+((0.24954* Wa)/(9160.1+ W)

Small Unreinforced Brick (Office/Apartment) 100% |0.18

Medium Unreinforced Masonry (Office/Apartment) | 100% | -4.7904+((4.9933* Wa)/(29.996+ Wa))
Large Unreinforced Masonry (Office) 100% | -4.8294+((5.0222* Wa)/(38.228+ Wa))
Small PEMB (Office/Storage) 100% | -3.2784+((3.4088* Wa)/(39.217+ Wa))
Medium PEMB (Office/Commercial) 100% | -0.037719+((0.22199* Wa)/(4840+ Wa))
Large PEMB (Office/Storage/Hangar) 100% | -0.0341+((0.21859* Wa)/(5067.3+ Wa))
Small Wood Frame (Residence) 100% | -4.479+((4.5989* Wa)/(7.221+ Wa))
Medium Wood Frame (Residence/Apartment) 100% | -4.6697+((4.8108* Wa)/(29.434+ Wa))

EXP(274.49-173.58*(LN(Wa))+36.146*(LN(Wa))"2-

1 1 1 0,
Medium Steel Stud (Office/Commercial) 100% | 3 496+(LN(W,))"3+0.15323LN(W,))"4-0.0026334(LN(W))"5)

Modular Building/Trailer(Office/Residence/Story) 100% | 0.13

EXP(-1372.5+495.77+(LN(Wa))-70.975*(LN(Wa))"2+5.0232*(LN(W2))"3-

1 0,
Vehicle 100% | 5.175634(LN(W))"4+0.002425*(LN(W,)"5)

Table A-16.  Close-in Adjustment Parameters for Building Collapse Region Boundaries

R1 Ramin
(ft/lbs'?) | (ft/lbsy? A

Small Reinforced Concrete (Office/Commercial) 6 8 -4.128 | 11.874 | 43114

Medium Reinforced Concrete (Office/Commercial) 8 -2.9501 | 10.661 | 56396
Large Reinforced Concrete Tilt-up (Commercial) 11 0.16852 | 15.451 | 32550
Small Reinforced Masonry (Office/Commercial) 10 -0.13307 | 10.113 | 56344

7
8
8
Medium Reinforced Masonry (Office/Commercial) 7 10 0.80385 | 11.677 | 47077
9
9
8

Small Unreinforced Brick (Office/Apartment) 12 42209 | 11.907 | 776.41
Medium Unreinforced Masonry (Office/Apartment) 12 0.5839 | 11.725 | 3761
Large Unreinforced Masonry (Office) 11 0.25642 | 14.145 | 7926.6
Small PEMB (Office/Storage) 10 13 0.92458 | 13.068 | 4821.9
Medium PEMB (Office/Commercial) 9 12 0.03521 | 13.618 | 6796.8
Large PEMB (Office/Storage/Hangar) 9 12 0.14699 | 13.366 | 28431
Small Wood Frame (Residence) 8 11 1.0211 | 11.484 | 1453.8
Medium Wood Frame (Residence/Apartment) 8 11 0.28302 | 12.153 | 91284

9

9

7

Medium Steel Stud (Office/Commercial) 12 -0.28856 | 11.951 | 17108
Modular Building/Trailer(Office/Residence/Story) 12 3.7687 | 11.621 | 997.25
Vehicle 10 0.14699 | 13.366 | 28431
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Table A-17.  Pressure / Impulse Coefficients — ES Building Percent Damage

Small R/C Office Building, 8" R/C Shearwalls With R/C Roof/Beams

BulingDarsge (4

13.548 769.645 1540.17
90 12.319 581.692 1540.17
80 11.282 501.169 942.175
70 9.919 365.517 741.695
60 7.96 279.052 473.804
50 6.484 228.776 336.254
40 5.25 159.738 283.621
30 2.74 122.826 75.925
20 2.011 91.199 56.256
10 1.62 65.513 22.743
5 1.323 50.597 13.257
1 1.088 35.521 7.874
0.5 1.06 33.333 7.386
01 1.038 20.921 7.101

Medium R/C Office Building

Suldng Oanage (4

13.835 824.891 1388.51
90 11.612 574.348 742.369
80 8.14 482.244 445.328
70 7.161 353.564 444.486
60 6.409 255.592 326.069
50 5.093 199.011 194.472
40 3.942 126.715 118.888
30 1.879 98.417 14.955
20 1.222 80.109 9.33
10 1.047 61.047 4.828
5 0.873 48.883 2.982
1 0.73 34.915 1.881
0.5 0.697 32.63 1.576
01 0.671 29.672 1.36
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Large Tilt-up Structure (~40,000 sq ft)

Building Damage (%) A (psi) B (psi-ms) C (psi>-ms)
100 4.336 326.124 48.313
90 2.23 259.322 48.313
80 1.575 215.228 48.313
70 1.316 147.447 48.313
60 1.193 118.912 36.178
50 1.072 99.9 25.804
40 0.924 76.5 24.456
30 0.797 58.898 19.87
20 0.683 44,951 14.59
10 0.565 33.467 9.037

5 0.492 28.325 5.391
1 0.348 21.754 3.274
0.5 0.304 20.191 2.891
0.1 0.267 18.281 2.011

Small Un-Reinforced Brick Structure ( 2500 sq ft)

GuldingDenage 1)

3.991 64.87 39.819
90 3477 47.25 26.763
80 3.025 39.154 21.055
70 2.578 33.13 14.68
60 2.211 28.744 9.999
50 2.034 25.697 7.704
40 1.86 23.171 6.652
30 1.708 20.922 5.429
20 1.557 18.285 4.451
10 12 13.298 2.379
5 1.044 11.41 1.439
1 0.848 9.271 0.6
0.5 0.801 8.867 0.548
01 0.763 8.539 0.504
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Medium Un-Reinforced Masonry Structure (~10,000 sq ft)

Building Damage (%) A (psi) B (psi-ms) C (psizms)
100 6.102 181.188 138.147
90 5.026 127.896 79.993
80 3.989 102.32 49.463
70 3.263 85.347 31.296
60 2.929 73.628 24.148
50 2.606 63.693 18.819
40 2.152 56.761 18.761
30 1.708 49.532 18.078
20 1.311 38.569 17.51
10 0.864 18.283 12.537

5 0.692 15.534 8.772
1 0.552 12.299 5.667
0.5 0.535 11.726 5.299
0.1 0.521 11.254 4.786
Large Un-Reinforced Masonry Structure (~40,000 sq ft)

Building Damage (%) A (psi) B (psi-ms) C (psi>-ms)
100 4.401 195.396 178.427
90 3.724 152.319 87.837
80 3.066 131.75 53.449
70 2.488 116.108 26.268
60 2.243 105.458 20.493
50 2.03 90.461 19.328
40 1.832 73.968 19.328
30 1.448 60.699 19.328
20 1.088 30.825 19.328
10 0.969 14.211 7.185
5 0.816 12.066 4.944
1 0.642 9.538 2.936
0.5 0.62 9.126 2.572
0.1 0.603 8.791 2.28
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Small Reinforced Masonry Structure (~2500 sq ft)

Building Damage (%) A (psi) B (psi-ms) C (psizms)
100 8.488 548.535 647.027
90 7.264 359.227 425.468
80 5.615 274.316 379.895
70 5.045 218.431 247.021
60 4.407 182.708 154,561
50 3.783 124.497 115.951
40 3.191 100.424 82.507
30 2.738 80.822 51.206
20 2.157 60.13 29.429
10 1.548 45.025 13.806
5 1.258 38.432 9.932
1 0.963 30.68 5.906
0.5 0.905 28.84 5.645
0.1 0.86 25.6 5.645

Medium Reinforced Masonry Structure (~10,000 sq ft)

Suldng Danage (1)

5.753 419.224 265.436

90 5.064 327.054 225.03

80 4.264 244.854 225.03

70 3.83 192.804 147.086
60 3.229 157.437 86.21
50 2.69 123.823 64.33

40 2.201 93.443 37.638

30 1.253 76.701 12.401
20 1.02 62.813 7.594
10 0.904 48.077 3.906
5 0.754 39.228 2413
1 0.602 29.277 1.262
0.5 0.575 27.024 1.07
01 0.553 24.212 0.906
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Small Metal Structure (~2500 sq ft)

Building Damage (%) A (psi) B (psi-ms) C (psizms)
100 4.864 170.432 113.439
90 4.597 148.324 76.865
80 4,154 118.194 61.746
70 2.889 101.909 46.555
60 2.131 89.364 46.555
50 1.736 78.73 46.555
40 1.42 67.942 43.923
30 1.133 56.006 27.551
20 0.929 45.124 17.248
10 0.748 32.715 12.615
5 0.634 26.801 9.264
1 0.462 20.037 3.443
0.5 0.405 18.751 2.58
0.1 0.357 15.127 1.676

Medium Metal Structure (~10,000 sq ft)

Suldng Danage (1)

4.949 199.059 163.399
90 4.652 170.906 101.626
80 4.2 155.967 68.98
70 2.889 141.967 40.766
60 2.138 126.101 40.766
50 1.743 105.287 40.766
40 1.426 82.491 40.766
30 1.136 64.629 27.63
20 0.931 51.936 17.28
10 0.749 35.698 11.267
5 0.635 28.302 9.237
1 0.462 20.378 3.297
0.5 0.405 19.155 2479
01 0.357 15.127 1.676
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Medium Metal Stud Structure (~10,000 sq ft)
Building Damage (%) A (psi) B (psi-ms) C (psizms)

100 6.425 318.938 319.479
90 6.144 254.791 239.142
80 5.905 223.619 190.457
70 5.304 202.971 141.023
60 4.65 186.178 76.942
50 2.785 171.043 76.942
40 2.382 153.3 76.942
30 2.107 131.829 76.942
20 1.783 95.462 76.942
10 1217 70.219 54.612
5 0.979 49.235 39.515
1 0.789 33.056 24.174
0.5 0.766 29.952 21.733
0.1 0.747 27.363 19.729

High Bay Metal Structure (~40,000 sq ft)

Suldng Danage ()

5.157 339.305 169.627
9O 4.786 255.568 137.88
80 4.326 211.005 109.787
70 2.906 182.79 48.295
60 1.761 146.951 48.295
50 1.376 104.018 34.599
40 1.044 85.76 15.799
30 0.842 66.043 6.073
20 0.795 52.533 5.44
10 0.649 39.818 3.54
0.544 31.751 2.228
1 0.461 22.828 2.228
0.5 0.412 19.337 2.228
01 0.358 15.242 1.685
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Small Wood Structure (~2500 sq ft)

Building Damage (%) A (psi) B (psi-ms) C (psizms)
100 5.927 123.38 105.616
90 5.01 97.842 83.725
80 4.286 84.776 61.17
70 3.571 70.856 44.053
60 2.983 58.26 26.451
50 2.614 50.388 20.417
40 2.326 43.519 17.154
30 2.038 38.59 13.763
20 1.751 32.32 10.426
10 1.49 22.569 7.913
5 1.212 17.966 3.836
1 0.884 14 2.316
0.5 0.785 12.769 1.849
0.1 0.705 11.749 1.577

Medium Wood Structure (~10,000 sq ft)

Suldng Danage (1)

5.844 239.949 208.186
9O 4.693 186.537 119.597
80 3.581 152.348 66.841
70 2.816 126.154 37.14
60 2.387 114.638 27.264
50 2.007 96.008 26.248
40 1.75 78.331 23.164
30 1511 64.626 17.965
20 1.153 53.68 10.967
10 0.843 39.528 8.074
5 0.692 31.071 7.294
1 0.552 21.777 6.038
0.5 0.535 19.621 5.381
01 0.521 17.812 4.837
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Small Trailer (~500 sq ft)

Building Damage (%) A (psi) B (psi-ms) C (psizms)
100 4.31 75.862 46.335
90 3.586 62.907 33.363
80 2.873 50.998 22.605
70 2.348 40.57 14.679
60 2.044 33.728 12.738
50 1.819 31.077 10.014
40 1.595 27.653 8.18
30 1.371 24.26 6.408
20 1.175 20.733 4.939
10 0.933 16.561 2.974

0.78 14.346 2.233
1 0.635 12.193 1.612
0.5 0.611 11.115 1.32
0.1 0.549 10.201 1.144

Passenger Vehicle

Suldng Danage (1)

8.499 406.311 536.734
90 6.015 301.516 296.697
80 4.75 248.612 203.846
70 3.923 220.71 155.148
60 3.366 193.408 139.013
50 2.915 167.967 116.128
40 2.519 142.986 84.991
30 2.133 122.347 69.927
20 1.755 102.553 56.062
10 1.354 82.159 35.231
5 113 68.732 28.439
1 0.861 57.966 16.499
0.5 0.828 56.636 16.079
01 0.802 95.105 14.354
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Table A-18.

4" Reinforced Concrete

Pressure-impulse Coefficients — ES Roof Damage

100% 1.46 128.44 209.38
50% 1.32 64.22 75.03
0% 0.73 20.81 14.14

14" Reinforced Concrete

100% 9.64 360.18 1005.77
50% 8.67 180.09 366.77
0% 4.82 58.35 71.00
3/8" Plywood and 2 x 10 Joist at 16" o.c.

Roof Damage A (psi) B (psi-ms) C (psizms)
100% 3.32 9.80 6.72
50% 1.86 6.47 3.39
0% 0.93 3.13 1.16
5/8" Gypsum Board

Roof Damage A (psi) B (psi-ms) C (psi>ms)
100% ! 0.10 1.05 0.17

%" Plywood and 2 x 6 Joist at 24" o.c.

100% 2.62 11.31 7.35
50% 1.49 7.47 3.79
0% 0.74 3.62 1.29
Lightweight Concrete and Steel Deck
Roof Damage A (psi) B (psi-ms) C (psizms)

100% 1.47 150.90 265.98
50% 141 99.60 143.56
0% 112 48.29 49.12

Medium Steel Panel

100% 2.67 72.00 91.26
50% 2.56 47.52 50.13
0% 2.05 23.04 17.78
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Light Steel Panel

T

100% 1.55 44.04 43.54
50% 1.49 29.07 23.89
0% 1.19 14.09 8.45

Dual Pane Windows

Glas reekege )

Table A-19.

Pressure-impulse Coefficients — Glass Breakage

100 0.852 3351 19.743
90 0.643 19.734 13.045
70 0.493 7.989 7.66
50 0.383 7.988 342
30 0.3 0.201 1
10 0.19 0.2 0.3

1 0.105 01 01

Annealed Windows

Glas breaage (1)

0.853 26.976 39.765
90 0.717 20.34 15.382
70 0.547 9.886 8.177
50 0.424 3.885 4.752
30 0.316 3.456 1.316
10 0.21 0 0.8

Tempered Windows

Glas brekige (%)

3.082 287.38 1117.9

90 3.007 224.92 626.41

70 2.702 131.12 389.13

50 2477 8.325 197.8

30 1.727 8.324 29.077
10 1.343 8.323 8
1 1 0.102 7
0.10 0.8 0.101 5
0.01 0.65 0.1 3
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Table A-20. Mass Distribution for PES Roof

| [ sMateria | Percent Mass (%)

Mass of

PES roof Concrete

(Ibs)
PEMB 13,200 100 0 0 0 5 5 5 | 15 | 20 | 25 | 15 | 10
Hollow 51,800 5 95 ol o |5 |5 |5 | 1552/ 25]|15]|1w0
Clay Tile
HAS 1,722,600 10 90 20 15 75 75 10 10 10 10 5 5
Large
Concrete 584,600 5 95 5 5 5 5 75 15 75 75 10 40
Arch ECM
Medium
Concrete 438,500 5 95 5 5 5 5 75 15 75 75 10 40
Arch ECM
Small
Concrete 292,300 5 95 5 5 5 5 75 15 75 75 10 40
Arch ECM
Large
Steel Arch 31,400 100 0 5 5 5 5 75 15 175 75 10 40
ECM
Medium
Steel Arch 23,600 100 0 5 5 5 5 75 15 175 75 10 40
ECM
Small
Steel Arch 15,700 100 0 5 5 5 5 75 75 7.5 7.5 10 40
ECM
Large 305,900 12 88 75 | 125 | 20 | 125 | 75 | 75 | 75 | 75 | 75 | 10
AGBS ’ ' ' ' ' ' ' ' '
Medium
AGBS 245,300 12 88 15 12.5 20 125 15 15 15 75 75 10
Small
AGBS 126,400 12 88 75 12.5 20 12.5 75 75 75 75 75 10
(Square)
Medium
Concrete 245,300 12 88 75 12.5 20 12.5 75 15 15 175 75 10
Building
Small
Concrete 126,400 12 88 75 12.5 20 12.5 75 15 75 75 75 10
Building
Ship 183,800 100 0 5 5 5 5 5 5 5 5 20 40
(large) ‘
Ship

. 137,800 100 0 5 5 5 5 5 5 5 5 20 40

(medium)
Ship

61,300 100 0 5 5 5 5 5 5 5 5 20 40
(small)
ISO 1,236 x
Container NISO 100 0 0 0 5 5 5 15 20 25 15 10

*Mass distribution numbers in table are in percent (%)
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Table A-21. Mass Distribution for PES Front Wall
I otMatera |  PercentMass(®) |

Mass of

PES front Concrete

wall (Ibs)
PEMB 2,201 100 0 0 0 5 5 5 | 15 | 20 | 25 | 15 | 10
.'?i?élowc'ay 25,920 5 95 25 | 5 | 75 | 10 |125] 15 | 20 | 15 | 10 | 25
HAS 277,530 10 90 2.5 5 5 7.5 15 15 15 10 10 15
Large
Concrete 48,737 13 87 5 5 5 5 75 75 75 75 10 40
Arch ECM
Medium
Concrete 48,737 13 87 5 5 5 5 75 75 75 75 10 40
Arch ECM
Small
Concrete 48,737 13 87 5 5 5 5 75 75 75 75 10 40
Arch ECM
Large Steel
Arch ECM 37,775 16 84 5 5 5 5 75 75 75 75 10 40
Medium
Steel Arch 37,775 16 84 5 5 5 5 1.5 75 75 75 10 40
ECM
Small Steel
Arch ECM 37,775 16 84 5 5 5 5 75 75 75 75 10 40
Large
AGRS 176,473 0 100 0 5 5 10 40 10 5 5 5 15
Medium
AGRS 128,287 0 100 0 5 5 10 40 10 5 5 5 15
Small
AGBS 60,592 0 100 0 5 5 10 40 10 5 5 5 15
(Square)
Medium
Concrete 147,891 2 98 75 125 20 125 75 75 75 75 7.5 10
Building
Small
Concrete 69,851 2 98 75 125 20 125 75 75 75 75 7.5 10
Building
Ship (large) | 61,561 100 0 5 5 5 5 5 5 5 5 20 | 40
Ship. 61,561 100 0 5 5 5 5 5 5 5 5 | 20 | 40
(medium)
Ship (small) 30,627 100 0 5 5 5 5 5 5 5 5 20 40
ISO 640 x
Container NISO 100 0 0 0 5 5 5 15 20 25 15 10

*Mass distribution numbers in table are in percent (%)
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Table A-22. Mass Distribution for PES Side Walls
I otMatera |  PercentMass(®) |

Mass of

PES side Concrete

walls (Ibs)
PEMB 8,806 100 0 0 0 5 5 5 | 15 | 20 | 25 | 15 | 10
;'i‘l)e"o"vc'ay 103,680 5 95 25 | 5 | 75 | 10 |125| 15 | 20 | 15 | 10 | 25
HAS 1,513,800 | 10 90 20 | 15 | 75 | 75 | 10 | 10 | 10 | 10 | 5 5
Large
Concrete 194,880 5 95 5 5 5 5 | 75| 75| 75| 75 | 10 | 40
Arch ECM
Medium
Concrete 146,160 5 95 5 5 5 5 | 75| 75| 75| 75 | 10 | 40
Arch ECM
Small
Concrete 97,440 5 95 5 5 5 5 | 75| 75| 75| 75 | 10 | 40
Arch ECM
Large Steel
puh ey 31,400 100 0 5 5 5 5 | 75| 75| 75| 75 | 10 | 40
Medium
Steel Arch 23,550 100 0 5 5 5 5 | 75| 75| 75| 75 | 10 | 40
ECM
Small Steel
P 15,700 100 0 5 5 5 5 | 75| 75| 75| 75 | 10 | 40
Large
AohS 255,484 0 100 0 5 5 | 10 | 40 | 10| 5 5 5 | 15
Medium
AGES 256,574 0 100 0 5 5 | 10 | 40 | 10| 5 5 5 | 15
Small AGBS | 15 14 0 100 o | 5 |5 |10|la|10|s5 |5 | 5|1
(Square)
Medium
Concrete 295,782 2 98 75 | 125 | 20 | 125 | 75 | 75 | 75 | 75 | 75 | 10
Building
Small
Concrete 139,702 2 98 75 | 125 | 20 | 125 | 75 | 75 | 75 | 75 | 75 | 10
Building
Ship (large) | 547,210 | 100 0 5 5 5 5 5 5 5 5 | 20 | 40
Ship 410408 | 100 0 5 5 5 5 5 5 5 5 | 20 | 40
(medium)
Ship (small) | 204,183 | 100 0 5 5 5 5 5 5 5 5 | 20 | 40
ISO 2,399 x
Container NSO 100 0 0 0 5 5 5 | 15 | 20 | 25 | 15 | 10

*Mass distribution numbers in table are in percent (%)
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Table A-23. Mass Distribution for PES Rear Wall
1 oMatera |  PercentMass(®) |

Mass of
PES rear Concrete Bin9 |Bin10
wall (Ibs)
PEMB 2,201 100 0 0 0 5 5 5 15 20 25 15 10
_I|-_|i(|)eII0WCIay 25,920 5 o5 | 25| 5 | 75| 10 |125| 15 | 20 | 15 | 10 | 25
HAS 832,590 10 90 20 20 15 10 10 5 5 5 5 5
Large
Concrete 32,176 5 95 5 5 5 5 75 75 75 75 10 40
Arch ECM
Medium
Concrete 32,176 5 95 5 5 5 5 75 75 75 75 10 40
Arch ECM
Small
Concrete 32,176 5 95 5 5 5 5 75 75 75 75 10 40
Arch ECM
Large Steel
Arch ECM 36,920 5 95 5 5 5 5 7.5 7.5 7.5 7.5 10 40
Medium
Steel Arch 36,920 5 95 5 5 5 5 7.5 75 7.5 75 10 40
ECM
Small Steel
Arch ECM 36,920 5 95 5 5 5 5 7.5 7.5 7.5 75 10 40
Large
AGBS 176,473 0 100 0 5 5 10 40 10 5 5 5 15
Medium
AGBS 128,287 0 100 0 5 5 10 40 10 5 5 5 15
Small
AGBS 60,592 0 100 0 5 5 10 40 10 5 5 5 15
(Square)
Medium
Concrete 147,891 2 98 75 | 125 20 125 | 75 75 75 75 75 10
Building
Small
Concrete 69,851 2 98 75 | 125 20 125 | 75 75 75 75 75 10
Building
Ship (large) 61,561 100 0 5 5 5 5 5 5 5 5 20 40
Ship
(medium) 61,561 100 0 5 5 5 5 5 5 5 5 20 40
Ship (small) [ 30,627 100 0 5 5 5 5 5 5 5 5 20 40
ISO 640 x
Container NISO 100 0 0 0 5 5 5 15 20 25 15 10

*Mass distribution numbers in table are in percent (%)
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Table A-24.

Initial Breakout

Total Destruction

Roof - Secondary Fragment Nominal Maximum Throw Range

Value Value
Yo (Ibs) Y100 (IbS)

PEMB 3 40 31,104
Hollow Clay Tile 1 8 31,104
HAS 1,000 2,000 229,680
Large Concrete Arch ECM 15 250 25,000
Medium Concrete Arch ECM 15 250 18,750
Small Concrete Arch ECM 15 250 12,500
Large Steel Arch ECM 15 250 25,000
Medium Steel Arch ECM 15 250 18,750
Small Steel Arch ECM 15 250 12,500
Large AGBS 1 16 135,258
Medium AGBS 1 16 107,440
Small AGBS (Square) 1 16 36,864
Medium Concrete Building 1 16 107,440
Small Concrete Building 1 16 36,864
Ship (large) 100 5,000 603,000
Ship (medium) 100 5,000 452,250
Ship (small) 100 5,000 150,000
ISO Container 3 40 1,360

Table A-25. Front Wall - Secondary Fragment Nominal Maximum Throw Range

Initial Breakout Total Destruction

Value Value
Yo (Ibs) Y100 (IbS)

PEMB 3 40 31,104
Hollow Clay Tile 1 8 31,104
HAS 40 2,000 229,680
Large Concrete Arch ECM 1 10 25,000
Medium Concrete Arch ECM 1 10 18,750
Small Concrete Arch ECM 1 10 12,500
Large Steel Arch ECM 1 10 25,000
Medium Steel Arch ECM 1 10 18,750
Small Steel Arch ECM 1 10 12,500
Large AGBS 1 8 135,258
Medium AGBS 1 8 107,440
Small AGBS (Square) 1 8 36,864
Medium Concrete Building 3 100 107,440
Small Concrete Building 3 100 36,864
Ship (large) 100 5,000 603,000
Ship (medium) 100 5,000 452,250
Ship (small) 100 5,000 150,000
ISO Container 3 40 1,360
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Table A-26.  Side Wall - Secondary Fragment Nominal Maximum Throw Range

Initial Breakout Total Destruction

Value Value
Yo (Ibs) Y100 (IbS)

PEMB 1 40 31,104
Hollow Clay Tile 1 8 31,104
HAS 1,000 2,000 229,680
Large Concrete Arch ECM 2,000 10,000 25,000
Medium Concrete Arch ECM 2,000 10,000 18,750
Small Concrete Arch ECM 2,000 10,000 12,500
Large Steel Arch ECM 2,000 10,000 25,000
Medium Steel Arch ECM 2,000 10,000 18,750
Small Steel Arch ECM 2,000 10,000 12,500
Large AGBS 1 8 135,258
Medium AGBS 1 8 107,440
Small AGBS (Square) 1 8 36,864
Medium Concrete Building 3 100 107,440
Small Concrete Building 3 100 36,864
Ship (large) 100 5,000 603,000
Ship (medium) 100 5,000 452,250
Ship (small) 100 5,000 150,000
ISO Container 1 40 1,360

Table A-27. Rear Wall - Secondary Fragment Nominal Maximum Throw Range

Initial Breakout Total Destruction

Value Value
Yo(lbs) Y00 (IbS)

PEMB 1 40 31,104
Hollow Clay Tile 1 8 31,104
HAS 2,000 10,000 229,680
Large Concrete Arch ECM 2,000 10,000 25,000
Medium Concrete Arch ECM 2,000 10,000 18,750
Small Concrete Arch ECM 2,000 10,000 12,500
Large Steel Arch ECM 2,000 10,000 25,000
Medium Steel Arch ECM 2,000 10,000 18,750
Small Steel Arch ECM 2,000 10,000 12,500
Large AGBS 1 8 135,258
Medium AGBS 1 8 107,440
Small AGBS (Square) 1 8 36,864
Medium Concrete Building 3 100 107,440
Small Concrete Building 3 100 36,864
Ship (large) 100 7,500 603,000
Ship (medium) 100 7,500 452,250
Ship (small) 100 7,500 150,000
ISO Container 1 40 1,360
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Table A-28.  Secondary Fragment Initial Velocity

Cut-off
Front wall Side wall Rear wall values
[Vimax (ft/ 5)

----

PEMB 0.45 0.45 700 0.45 700 0.45 1,500
Hollow Clay Tile 700 0.45 700 0.45 700 0.45 700 0.45 1,500
HAS 6550 0.8 11900 0.8 6550 0.8 4990 | 0.8 1,500

Large Concrete Ach ECM | 141.8 | 0365 | 6789 | 049 | 706 | 0482 | 617 | 0495 | 3,000
Medium Concrete Arch 1428 | 039 | 7464 | 0571 | 702 | 0536 | 682 | 0586 | 3,000

ECM

Small Concrete Arch ECM | 139.4 0.444 863.3 0.657 68 0.585 78.3 | 0.662 3,000
Large Steel Arch ECM 234.9 0.361 295.7 0313 | 883 0.489 39.9 |0.313 3,000
Medium Steel Arch ECM 2374 0.389 384.7 0409 | 893 0.521 51.7 | 0.413 3,000
Small Steel Arch ECM 237.1 0431 402.5 0441 | 876 0.567 543 | 0.441 3,000
Large AGBS 1711 0.405 1731 0.47 2011 | 0.5074 | 1731 | 0.47 3,000
Medium AGBS 1575 04 2300 0.539 | 2300 0.539 2300 | 0.539 3,000
Small AGBS (Square) 1211 0.404 2004 0.6 2004 0.6 2004 | 0.6 3,000

Medium Concrete Building 1604 0.3975 2007 0.535 | 2007 0.535 2007 | 0.535 3,000
Small Concrete Building 1223 0.401 1746 0.596 | 1746 0.596 1746 | 0.596 3,000

Ship (large) 2130 0.45 2130 0.45 2130 0.45 2130 | 0.45 3,000
Ship (medium) 2130 0.45 2130 0.45 2130 0.45 2130 | 0.45 3,000
Ship (small) 2130 0.45 2130 0.45 2130 0.45 2130 | 0.45 3,000
ISO Container 700 0.45 700 0.45 700 0.45 700 0.45 1,500

Table A-29. Secondary Fragment Maximum Throw Cutoff Values

Maximum Throw Cutoff Values

Roof (ft) Front wall (ft) Side wall (ft) Rear wall (ft)
PEMB Primary max. Primary max. Primary max. Primary max.
Hollow Clay Tile Primary max. 3600 3600 3600
HAS 3000 3600 3000 3000
Large Concrete Arch ECM 3600 5100 3600 3600
Medium Concrete Arch ECM 3600 5100 3600 3600
Small Concrete Arch ECM 3600 5100 3600 3600
Large Steel Arch ECM 3600 5100 3600 3600
Medium Steel Arch ECM 3600 5100 3600 3600
Small Steel Arch ECM 3600 5100 3600 3600
Large AGBS 3600 4700 4700 4700
Medium AGBS 3600 4700 4700 4700
Small AGBS (Square) 3600 4700 4700 4700
Medium Concrete Building 3600 4700 4700 4700
Small Concrete Building 3600 4700 4700 4700
Ship (small) 4400 4400 4400 4400
Ship (medium) 4400 4400 4400 4400
Ship (large) 4400 4400 4400 4400
ISO Container 4400 4400 4400 4400
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SAFER 3 Thermal
Prepared by — John Tatom (APT)
Mike Swisdak (NSWC)

Revision Date — 02/25/05

PURPOSE

This memorandum addresses major technical and analytical decisions made as part of the
SAFER 3 thermal branch. Specific questions addressed are:

Why are thermal effects only considered for 1.3 events?

Why aren't other effects/consequences considered in 1.3 events?
Why is an adjustment made if a PES is present?

What is the PES adjustment based on?

Why is PES damage not considered?

Why is an adjustment made if an ES is present?

What is the ES adjustment based on?

Why is ES damage considered?

© o N o gk~ w D

How were the fatality (as a function of the inverse of the adjusted scaled range) curves derived?

10. Why is the maximum probability of fatality for thermal effects only 0.5?

REFERENCES

1. Swisdak, M. M., “DDESB Blast Effects Computer User’s Manual And Documentation
(Revision 1),” DDESB Technical Paper 17, 1 January 2005.

2. Edmondson, J. N. and Prescott, B. L., "The Thermal Radiation Effects From The
Initiation Of HD 1.3 Explosives," RANN/2/49/00119/90, AEA Technology, March 1992

3. Briefings to RBESCT

DISCUSSIONS
1. Why are thermal effects only considered for 1.3 events?

The assumption was made that the thermal effects from a high-explosives event would be
insignificant (compared to other effects) if 1.3 items were not present.

2. Why aren't other effects/consequences considered in 1.3 events?

The assumption was made that the blast-related effects (direct pressure and impulse, glass
hazards, ES building failure, and debris) from a 1.3 event would be insignificant
compared to thermal.

3. Why is an adjustment made if a PES is present?

The adjustment to the yield is made in order to account for the effect the presence of the
PES has on the yield “seen” outside of the PES.

4. What is the PES adjustment based on?

CE1-16100 09/12/2005
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10.

Thermal Tech Memo

In SAFER 3, the yield adjustment in the thermal branch is made based on the logic for
the yield adjustment in the pressure and impulse branch. The algorithms for determining
the adjusted weight are based on the Blast Effects Computer (ref 1).

Why is PES damage not considered?

In SAFER, building damage is not a design goal. PES damage is used to determine
effects external to the building, and they are considered in sequence with thermal being
the last. There is no provision in SAFER that the PES may actually contain an event and
there are no other effects to be considered “after” thermal effects, therefore the damage to
the PES does not need to be determined.

Why is an adjustment made if an ES is present?

The protection afforded by the ES against thermal effects is considered in SAFER, unless
the ES is “open” or 100% damaged.

What is the ES adjustment based on?

The Science Panel determined the nominal thermal blocking factors based on the material
type of the building and expert opinion.

Why is ES damage considered?

It is assumed that although “blast effects” from a 1.3 event are not significant enough to
consider fatalities from, such effects might be significant enough to compromise the
protection the ES structure would provide to personnel inside. These “damage” levels
would normally be small, and can be thought of as cracks or gaps that would allow an
increase in temperature inside the ES.

How were the fatality (as a function of the inverse of the adjusted scaled range) curves derived?

The Science Panel created the curves based on available literature (ref 2) describing the
probability of third-degree burns as a function of the quantity of explosives. A
relationship was developed to translate third-degree burns into probability of fatality and
then the Science Panel plotted data points from the existing and developed equations.
These data points were then used to fit a standard normal distribution describing the
probability of fatality as a function of the inverse of the scaled adjusted range

Why is the maximum probability of fatality for thermal effects only 0.5?

The information available (ref 2) predicted a maximum probability of fatality of
approximately 0.5 and the Science Panel did not alter this value.
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Attachment 2 - SCIFM



Simplified Close-In Fatality Mechanisms (SCIFM)
Prepared by — John Tatom (APT)

Mike Swisdak (NSWC)

Revision Date — 02-25-05

PURPOSE

This memorandum addresses the rationale and development of the Simplified Close-In Fatality
Mechanisms (SCIFM).

Specific questions include:

1.

2
3
4
5.
6
7
8
9

10.
11.
12.
13.

What is SCIFM and why is it necessary?

How does SCIFM work?

What are the (X1, Y1) and (X, Y2) parameters based on?

How was the shape of the transition region curve determined?

How were the plateau values established?

Are there step-functions in the SCIFM logic?

Does SCIFM affect injury determination?

Why doesn’t SCIFM apply to direct blast fatality mechanisms?

Why are there fixed minimum values for X; in the building failure SCIFM logic?
Why does Xi=X; in the debris SCIFM logic?

Why aren’t the X; and X, debris SCIFM values based on scaled range?
Why does Xi=Xz in the thermal SCIFM logic?

Why aren't the X; and X thermal SCIFM values based on scaled range?

REFERENCES (ATTACHED)

1. “SAFER 3 Algorithm Poster Session,” DDESB Seminar 2004, APT CE1-09900, 13
August 2004.
2. “SAFER 3 Range of Validity Technical Memorandum,” APT CE1-16000, 25 February
2005.
3. Briefings to RBESCT
DISCUSSION
1. Whatis SCIFM and why is it necessary?
SCIFM is a conservative methodology designed to allow the use of SAFER at shorter
distances than the original/nominal logic was intended.
2. How does SCIFM work?
With the introduction of the SCIFM logic, SAFER 3 has three distinct regions in which
the probability of fatality is determined:
Region 1 (close to the PES): plateau region with a constant value of Pfle
Region 2 (transition): Beyond the plateau, a region where Pfle value is determined by a
stored curve
CE1-16500 09/12/2005
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SCIFM Tech Memo

Region 3: At ranges large enough to be in the range of validity for the normal SAFER
equations, the Pfle value is calculated using the standard SAFER logic for each branch

As shown in Figure 1 (Ref. 1), these three regions are delineated by the two points X; and
X

Y1 is usually (but not

always) equal to 1.0
Y2 is not known until

PFle /
Y,
run-time

Y, —

N

X, X,
SCIFM Region Visualization

The values for X; and X, are stored or calculated for each branch of the SAFER logic, as
shown in Table 1.
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SCIFM Tech Memo

Table 1. SCIFM Range Parameters
Mechanism X1 X2
P&I
Lung Rupture n/a n/a
WBD n/a n/a
Skull Fracture n/a n/a
Glass
Annealed K2 K12
Dual Pane K5 K12
Tempered K6 K12
Building Failure
Sm RC K6 X2=A+((B*W,)/(C+W,)) {min=8}
Tilt-up RC K8 X2=A+((B*W,)/(C+W,)) {min=11}
L URM K8 X2=A+((B*W,)/(C+W,)) {min=11}
Med RM K7 X2=A+((B*W,)/(C+W,)) {min=10}
Sm RM K8 X2=A+((B*W,)/(C+W,)) {min=10}
Sm UR Brick K9 X2=A+((B*W,)/(C+W,)) {min=12}
Med Met K9 X2=A+((B*W,)/(C+W,)) {min=12}
Sm Met K10 X2=A+((B*W,)/(C+W,)) {min=13}
Med Wood K8 X2=A+((B*W,)/(C+W,)) {min=11}
Sm Wood K8 X2=A+((B*¥*W,)/(C+W,)) {min=11}
Trailer K9 X2=A+((B*W,)/(C+W,)) {min=12}
Med RC O/A K7 X2=A+((B*W,/(C+W,)) {min=8}
Med URM K9 X2=A+((B*W,)/(C+W,)) {min=12}
Med Met Stud K9 X2=A+((B*W,)/(C+W,)) {min=12}
L Met K9 X2=A+((B*W,)/(C+W,)) {min=12}
Vehicle K7 X2=A+((B*W,)/(C+W,)) {min=10}
Debris
High Angle 2*(crater radius) 2*(crater radius)
Low Angle 2*(crater radius) 2*(crater radius)
Other
Thermal fireball radius fireball radius

The building failure X, equations use stored parameters as shown in Table 2.
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Table 2. X2 Equation Parameters
ES Type A B C
SmRC -4.128 11.874 43114
Tilt-up RC 0.16852 | 15.451 32550
L URM 0.25642 | 14.145 | 7926.6
Med RM 0.80385 11.677 47077
SmRM -0.13307| 10.113 56344
Sm UR Brick 4.2209 11.907 776.41
Med Met 0.035208| 13.618 | 6796.8
Sm Met 0.92458 13.068 4821.9
Med Wood 0.28302 [ 12.153 | 91284
Sm Wood 1.0211 11.484 1453.8
Trailer 3.7687 11.621 997.25
Med RC O/A -2.9501 | 10.661 56396
Med URM 0.5839 11.725 3761
Med Met Stud -0.28856 | 11.951 17108
L Met 0.14699 | 13.366 28431
Vehicle 0.14699 | 13.366 28431

The values for Y, and Y are stored or calculated for each branch of the SAFER logic, as
shown in Table 3. %Glass and FA are user inputs: the percentage of glass on the
structure and the floor area of the structure.

Table 3. Y1 and Y2 Parameters

Mechanism Y1 Y2
P&I
Lung Rupture 1.0 n/a
WBD 1.0 n/a
Skull Fracture 1.0 n/a
Glass
Annealed 0.1 Y2=[-0.00019264+0.00051619(LOG(W,))]*[ %Glass/10%]*[5000/FA]1/2
Dual Pane 0.1 Y2=[-0.00010599+0.00078248(LOG(W,))] *[ %Glass/10%]*[5000/FA]1/2
Tempered 0.1 Y2=[-0.00024899+0.00014097(LOG(W,))] *[ %Glass/10%]*[5000/FA]1/2
Building Failure
Sm RC 1.0 Y2=EXP(-330.43+100.96*(LN(W,))-11.618*(LN(W,))"2+0.59364*(LN(W,))*3-0.011345*(LN(W,))"4)
Tilt-up RC 1.0 Y2=-0.1108+((0.38698*W)/(2330.4+W,))
L URM 1.0 Y2=-4.8294+((5.0222*W,)/(38.228+W,))
Med RM 1.0 Y2=-0.024+((0.24954*W,)/(9160.1+W,))
Sm RM 1.0 Y2=-0.0128+((0.20231*W,)/(14754+W,))
Sm UR Brick 1.0 Y2=0.18
Med Met 1.0 Y2=-0.037719+((0.22199*W,)/(4840+W,))
Sm Met 1.0 Y2=-3.2784+((3.4088*W,)/(39.217+W,))
Med Wood 1.0 Y2=-4.6697+((4.8108*W,)/(29.434+W,))
Sm Wood 1.0 Y2=-4.479+((4.5989*W,)/(7.221+W,))
Trailer 1.0 Y2=0.13
Med RC O/A 1.0 Y2=EXP(-130.31+38.22*(LN(W,)-4.2566*(LN(W,))"2+0.21066*(LN(W,))"3-0.0039012*(LN(W,))"4)
Med URM 1.0 Y2=-4.7904+((4.9933*W,)/(29.996+W,))
Med Met Stud 1.0 Y2=EXP(274.49-173.58*(LN(W,))+36.146*(LN(W,))"2-3.426*(LN(W,))"3+0.15323*(LN(W,))"4-0.0026334*(LN(W,))"5)
L Met 1.0 Y2=-0.0341+((0.21859*W)/(5067.3+W,))
Vehicle 1.0 Y2=EXP(-1372.5+495.77*(LN(W,))-70.975*(LN(W,))"2+5.0232*(LN(W,))"3-0.17563*(LN(W,))"4+0.002425*(LN(W,))"5)
Debris
High Angle 1.0 SAFER 3.0 result
Low Angle 1.0 SAFER 3.0 result
Other
Thermal 1.0 SAFER 3.0 result
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3. What are the (X1, Y1) and (X, Y2) parameters based on?

The X, parameters are largely based on the range of validity of the algorithms, as
described in a separate document (ref 2). The Y, values are generally a function of X,.
The (X, Y;) values were conservatively established based on expert opinion.

4. How was the shape of the transition region curve determined?

The curve was created to conservatively transition the Py values from (X, Y1) to (X,
Y>) and is based on expert opinion.

5. How were the plateau values established?

For purposes of conservatism, the value was set to 1.0 for all mechanisms other than
glass. For glass, historical precedent suggested that glass hazards would never kill all
occupants of normal ES types. The value of 0.1 for glass was based on expert opinion.

6. Are there step-functions in the SCIFM logic?

In general, there are not. However, in cases where X; equals X, and Y is less than Y,
step-function results will occur.

7. Does SCIFM affect injury determination?

Yes, in some cases (when injury levels are dependent on fatality levels and the fatality
level has been affected by SCIFM).

8.  Why doesn’t SCIFM apply to direct blast fatality mechanisms?

The direct blast fatality mechanisms were already designed to generate Py results as high
as 1.0 if the scaled range was small enough. Therefore, the SCIFM logic was not
necessary.

9. Why are there fixed minimum values for X, in the building failure SCIFM logic?

Certain assumptions concerning the response of the ES were not considered accurate at
scaled ranges smaller than the fixed minima; therefore the fixed minimum values were
included for conservatism.

10. Why does X;=X: in the debris SCIFM logic?

The SAFER debris density function accounts for most ranges relatively well, but was not
intended to apply inside the crater itself. Thus, the X, value (which represents the
minimum range at which the standard algorithms can be used) could have been set to
value as small as the crater radius, but was doubled for conservatism.

11. Why aren’t the X; and X, debris SCIFM values based on scaled range?
The crater radius is not expressed as a scaled range, so X; and X, cannot be, either.
12. Why does Xi=X; in the thermal SCIFM logic?

The SAFER thermal logic was not intended to apply inside the fireball itself. Thus, the
X, value (which represents the minimum range at which the standard algorithms can be
used) was set to the fireball radius.

13. Why aren't the X; and X, thermal SCIFM values based on scaled range?

The fireball radius is not expressed as a scaled range, so X; and X, cannot be, either.
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Prepared by — John Tatom (APT)
Mike Swisdak (NSWC)

Revision Date - 02/25/05

PURPOSE

This memorandum addresses major technical and analytical decisions made as part of the
SAFER 3.0 input section. Specific questions addressed are:

1. Why were the weapon types shown in Table 1 chosen?
2. What guidance is there for choosing weapon types when the actual weapon is not a choice?
3. What are the weapon models based on?
4. Why were these PES types chosen?
5. What guidance is there for choosing PES types when the actual PES is unknown or not available as a
choice?
6. What are the PES blast and debris parameters based on?
7. Why were these activity types chosen?
8. Why were these ES types chosen?
9. What guidance is there for choosing ES types when the actual ES is unknown or not available as a choice?
10. What are the ES models based on?
11. What guidance is there for choosing ES roof types when the actual ES roof is unknown or not available as a
choice?
12. How were the methods for determining maximum/expected yields (by HD) derived?
13. How were the TNT conversion factors determined?
REFERENCES
1. Swisdak, M. M. and Ward, J. M., “DDESB Blast Effects Computer Users Manual And
Documentation,” DDESB Technical Paper 17, 1 May 2003, in review.
2. Crull, Michelle and Swisdak, Michael, “Methodologies For Calculating Primary
Fragment Characteristics,” DDESB Technical Paper 16, 1 December 2002.
3. Briefings to RBESCT
4. Chrostowski, Jon; Wilde, Paul and Gan, Wenshui, “Blast Damage, Serious Injury and
Fatality Models for Structures and Windows”, ACTA, Torrance, CA, July 2001.
DISCUSSIONS
1. Why were the weapon types shown in Table 1 chosen?
The weapon choices available in SAFER are based on a philosophy developed for the
Army’s “Worst Case Donor/Acceptor” Program: If testing or analysis is performed using
a “worst case” donor munition as the explosion source, then the results would be
applicable to all other munitions that present a lesser hazard.
For HD 1.1 munitions, several different items were identified as being potential worst
cases from both a blast and fragmentation standpoint; it being up to the user to select the
type that most closely represents the actual item. MK 80 series bombs (MK 82, MK 83,
CE1-16200 09/12/2005
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or MK 84) represent all large, robust munitions; M107 projectiles represent all small,
robust munitions. The AIM-7 warhead represents all fragmenting or thin-skinned items.

For HD 1.2, the M1 projectile represents all HD 1.2.1 items, while the 40 mm projectile
represents all HD 1.2.2 projectiles.

Thus, by using items that represent “worst” cases, the results can be applied to other,
similar weapons in class. If calculations made for an item that was not “worst case”, then
the results obtained would only apply to that particular item. If SAFER analyses were
performed with weapons that did not represent worst-case situations, then the results
would be weapon specific and could not be applied to other weapons or situations.

2. What guidance is there for choosing weapon types when the actual weapon is not a choice?

The user should know if his weapons are robust/non-robust, bombs/projectiles, lightly
cased items, bare explosives, etc. With this general knowledge, choices can be made. As
a rule, if the NEW is made up of a mixture of different types of items, select the “worst”
case. If this cannot be easily determined, make multiple runs by varying the input weapon
selection and then use the one that gives the highest probability of fatality.

3. What are the weapon models based on?
The blast models use the same algorithms as the DDESB Blast Effects Computer .
The fragmentation models use the algorithms and information described in DDESB TP
167,

4.  Why were these PES types chosen?

The intent was to provide as many options as possible under the following constraints: (1)
either test data were available or (2) the buildings are typical of DOD storage and
operational facilities even if no test data were available.

5. What guidance is there for choosing PES types when the actual PES is unknown or not available as a
choice?

As a rule, the debris hazard will dominate and therefore the user should select the closest
match in terms of debris type and generation potential. If this cannot be easily
determined, make multiple runs by varying the PES selection (between reasonable
choices) and then use the one that produces the most conservative result.

If the PES does not contribute significantly to the debris hazard, consider Table 1.
Table 1.  PES Selection Criteria

PES Type Blast Attenuation Secondary Debris Mass
Open None None
PEMB None Minor
HCT None Moderate

6. What are the PES blast and debris parameters based on?

Where available, test data were used to anchor the SAFER models. When test data were
not available, the consensus expert opinion of the Science Panel was used. See Table 2
for a summary of the basis of the PES parameters for blast and debris hazards.
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Table 2.  PES Parameter Basis
PES Type Blast Debris
Open N/A N/A
PEMB N/A Expert Opinion
HCT N/A Expert Opinion
HAS Distant Runner (E4, E5) Distant Runner (E4, E5)

Large Concrete Arch ECM

Compiled test results

Inferred from Eskimo test series

Medium Concrete Arch ECM

Compiled test results

Inferred from Eskimo test series

Small Concrete Arch ECM

Compiled test results

Inferred from Eskimo test series

Large Steel Arch ECM

Compiled test results

Inferred from Eskimo 1

Medium Steel Arch ECM

Compiled test results

Eskimo 1

Small Steel Arch ECM

Compiled test results

Inferred from Eskimo 1

Large AGBS Compiled test results Inferred from 40 Tonne Trial
Medium AGBS Compiled test results Correlated to 40 Tonne Trial
Small AGBS Compiled test results Inferred from 40 Tonne Trial

Medium Concrete Ops Bldg

Compiled test results

Inferred from SciPan 1

Small Concrete Ops Bldg

Compiled test results

SciPan 1

Large Ship Compiled test results Inferred from MPS test
Medium Ship Compiled test results Inferred from MPS test
Small Ship Compiled test results Inferred from MPS test

ISO Containers

Compiled test results

Expert Opinion

See the Pressure and Impulse Tech Memo (APT # E1-00500) for more details on the
blast attenuation models and the Debris Tech Memo (APT # E1-00600a) for further
background on the PES debris models.

Why were these activity types chosen?

In 1997 when the probability of event task was undertaken, the RBESCT reviewed the
DDESB accident database. The DDESB database used the activity types now in SAFER,
to categorize the activity occurring when an accident occurred. The same activities are
currently used in the Army maintained accident database ESMAM.

Why were these ES types chosen?

ES types were chosen to represent typical building construction and size. Previous
consequence programs that modeled typical building types were consulted (e.g. BDAM,
FACEDAP, and ERASDAC). Sizes were chosen to represent typical occupancies and
uses. The highest priority for describing the building type in SAFER is the wall material
(e.g. reinforced concrete, tilt-up reinforced concrete, wood frame, unreinforced masonry,
pre-engineered metal). High priority was also placed on the size of the building. Most
building types are provided with 3 floor area options (small = 2500 sf, medium = 10,000
sf, and large = 40,000 sf). An attempt was made to use the most typical roof construction
for the type and size of building that was being modeled. Fifteen unique buildings and
one automobile were chosen to represent the most common building types. Overall
building response to overpressure is based on these unique building designs. See
Reference 4 for a detailed description of the building types used in SAFER.
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9. What guidance is there for choosing ES types when the actual ES is unknown or not available as a choice?

When the ES type is unknown or unavailable then typically weak or high-risk ES types
should be evaluated and the worst case used to determine risk. Medium wood, large
reinforced concrete, unreinforced masonry, and large metal building types should be
considered in the evaluation unless it is known that the specific building type is not
applicable. Because of its atypical strength, the small reinforced concrete building should
only be chosen for a reinforced concrete building with a reinforced concrete roof. Also,
because of its high risk, the large reinforced concrete building should only be used when
the ES is known to be a tilt-up reinforced concrete structure.

10. What are the ES models based on?

The ES models are each based on specific designs. Structural damage, serious injury, and
fatality are related to blast loads in P-I diagrams. The designs and procedures are
described in Reference 4.

11. What guidance is there for choosing ES roof types when the actual ES roof is unknown or not available as a
choice?

The selection of roof type will not affect the structural response fatality mechanism.
Therefore, the user should select the closest match in terms of debris protection. If this
cannot be easily determined, make multiple runs by varying the roof selection (between
reasonable choices) and then use the one that produces the most conservative results.

12. How were the methods for determining maximum/expected yields (by HD) derived?

For HD 1.2, there is a reasonable amount of data upon which to base part of the yield
uncertainty. For all of the following discussion, let N be the total number of rounds in the
stack.

a. HD 1.2 items are non-mass detonating when stored alone; based on this definition, no
more than 0.5*N can react at one time.

b. Based on tests conducted for the 105 mm round, the average number of rounds
participating in the total event is 0.29*N (with a standard deviation of 0.14*N; N.B., this
is based on 2,753 events).

c. Ifitis assumed that the full output of an HD 1.2 round is Y, then the average yield for an
HD 1.2 event is 0.11*Y with a standard deviation of 0.15*N (based on 559 points).

Similar, hard information for accidental detonations involving only HD 1.1 is less
common, although some anecdotal evidence available. At several accidents (Roseville &
Benson) in the U.S. and a Russian accident at Severmorsk, the total number of rounds
participating is not 100%, but something less (intact rounds have been thrown out). The
opinion of the Science Panel based on experience is that the number participating for HD
1.1 might be 0.9*N. When they do participate, the yield is generally high -- perhaps the
yield is 0.9*Y, where Y represents full output.

For mixed storage of HD 1.1 with HD 1.2 and HD 1.3, the amount participating probably
drops to as low as 0.8*N, based on the results of the MPS test and also the USS Mount
Hood accident (1944). For the MPS test, the yield was 0.6*Y.

13. How were the TNT conversion factors determined?
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The equivalent weights that are assumed for each of the explosives are the same as those
used in the Blast Effects Computer. An energetic material will have several equivalent
weights—depending on the airblast parameter upon which the equivalence is determined.
Usually, equivalences are reported for peak pressure and positive impulse and these two
values may differ significantly. Moreover, the equivalence will vary with the range at
which it is computed. The values used are based on peak pressure and are average values
taken from numerous sources. Equivalent weights based on impulse are generally less
than those based on peak pressure. Therefore, by using peak pressure values, a degree of
conservatism is built into the impulse estimates.
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SAFER 3 Pressure and Impulse Branch
Prepared by — John Tatom (APT)

Mike Swisdak (NSWC)

Revision Date — 02/25/05

PURPOSE

This memorandum addresses major technical and analytical decisions made as part of the
SAFER 3 pressure and impulse branch. Specific questions addressed are:

1. Why were simplified Kingery-Bulmash equations used?
Have the open-air pressure and impulse predictions been validated?
Why is no adjustment made for open, PEMB, or HCT?

2

3

4. Why are orientation effects not considered for PES types other than ECM and HAS?
5. Why are weapon effects on pressure and impulse not considered if a PES is present?
6

Why are some pressure and impulse predictions higher when buildings are present as opposed to open-air
predictions?

~

Have the adjusted (due to the presence of the PES) pressure and impulse predictions been validated?
8. How was the PES damage/intact algorithm derived?

9. How were the Yo, Y100, and b parameters chosen?

10. What is the pressure and impulse reduction (due to the ES) based on?

11. How was the average venting area percentage chosen?

12. Why is the percent glass involved in the pressure and impulse reduction (due to the ES) calculation?

13. Why do the parameters in the pressure and impulse reduction (due to the ES) calculation not vary by ES
type?
14. Why isn't reflected impulse considered?

15. How does the SAFER 3 method for determining fatality due to whole body displacement differ from the TNO
probit function for that consequence?

16. Why does the SAFER 3 method for determining fatality due to whole body displacement differ from the TNO
probit function for that consequence?

17. How does the SAFER 3 method for determining fatality due to lung rupture differ from the TNO probit
function for that consequence?

18. Why does the SAFER 3 method for determining fatality due to lung rupture differ from the TNO probit
function for that consequence?

19. How does the SAFER 3 method for determining fatality due to skull fracture differ from the TNO probit
function for that consequence?

20. Why does the SAFER 3 method for determining fatality due to skull fracture differ from the TNO probit
function for that consequence?

21. Does the SAFER 3 method for determining fatality due to whole body displacement treat people in the open
differently than people inside structures?

22. Does the SAFER 3 method for determining fatality due to lung rupture treat people in the open differently
than people inside structures?

23. Does the SAFER 3 method for determining fatality due to skull fracture treat people in the open differently
than people inside structures?
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Why are the fatalities due to whole body displacement, lung rupture, and skull fracture considered (and
summed) independently?
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DISCUSSIONS

1.

Why were simplified Kingery-Bulmash equations used?

The complete Kingery-Bulmash (ref 1) curves/equations were considered to be too
complex to include in SAFER, given that the simplified equations produce re